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This r e p o r t  presents the  design f o r  an image guide-based o p t i c a l  
f l i p - f l o p  ar ray  created us ing a Hughes l i q u i d  c r y s t a l  l i g h t  valve and a 
f l e x i b l e  image guide i n  a feedback loop. This  design i s  used t o  
i n v e s t i g a t e  the  a p p l i c a t i o n  of image guides as a communication mechanism 
i n  numerical o p t i c a l  computers. It i s  shown t h a t  image guides can be 
used success fu l l y  i n  t h i s  manner but mismatch match between the  i npu t  
and output f i b e r  ar rays i s  extremely l i m i t i n g .  
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CHAPTER I 
INTRODUCTION 
A. OVERVIEW 
This repo r t  presents the  design fo r  an image guide-based o p t i c a l  
f l i p - f l o p  ar ray  created us ing  a Hughes l i q u i d  c r y s t a l  l i g h t  valve and a 
f l e x i b l e  image guide i n  a feedback loop. This  design i s  used t o  inves- 
t i g a t e  t h e  a p p l i c a t i o n  of image guides as a communication mechanism i n  
numericaf o p t i c a l  computlng. 
A s i m p l i f i e d  drawing o f  the design f o r  t h i s  image guide-based o p t i -  
The output o f  t h e  l i g h t  va lve ca l  f l i p - f l o p  ar ray  i s  shown i n  F igure 1. 
i s  imaged onto the  i npu t  of the image guide and the  output  o f  t he  image 
guide i s  imaged onto t h e  i npu t  o f  t h e  l i g h t  valve, c r e a t i n g  a feedback 
loop. The l i g h t  va lve i s  being used as a non l inear  a m p l i f i e r .  Due t o  
t h e  non l inear  nature o f  t he  l i g h t  va lve 's  a m p l i f i c a t i o n  it i s  poss ib le  
t o  c rea te  an i n t e n s i t y  b i s t a b l e  device i n  t h i s  c o n f i g u r a t i o n  ( i n  a 
manner i d e n t i c a l  t o  t h a t  i n  which feedback i n  non l inear  t r a n s i s t o r s  
i s  used t o  form e l e c t r o n i c  f l i p - f l o p s ) .  The image guide serves t o  
s p a t i a l l y  q u a n t i f y  t h e  feedback l i g h t  i n t o  a d i s t i n c t  a r ray  correspond- 
i n g  t o  t h e  ar ray  formed by i t s  f i be rs .  Thus, it creates an ar ray  o f  
independent o p t i c a l  f l i p - f l o p s ,  each o f  which cons is ts  o f  one f i b e r  from 
t h e  image guide, t he  corresponding area o f  t h e  l i g h t  valve, and the  
feedback loop. 
1 
IMAGE GUIDE 
t L 
LIGHT VALVE 
F i g .  1: S i m p l i f i e d  sketch of t h e  image guide-based o p t i c a l  
f l i p - f l o p  ar ray .  
2 
An o p t i c a l  f l i p - f l o p  array u t i l i z i n g  t h e  l i g h t  valve has prev ious ly  
been const ructed [l]. I n  t h i s  repor t ,  however, t h e  theory behind t h a t  
o r i g i n a l  design has been taken and implemented again w i t h  the  add i t i on  
o f  an image guide i n  t h e  feedback loop. 
demonstrat ing the  a b i l i t y  t o  recreate the  o r i g i n a l  r e s u l t s  based on ly  
upon a sketch o f  t he  apparatus and t h e  theory,  work i s  c a r r i e d  out i n  
Thus, i n  a d d i t i o n  t o  
i n v e s t i g a t i n g  t h e  usage o f  an image guide i n  such a system, which has 
no t  been p rev ious l y  done. Furthermore, t h e  o r i g i n a l  design proved 
inadequate f o r  alignment purposes due t o  the  presence of t h e  image 
guide. An alignment procedure was developed which would enable easy 
and accurate alignment o f  t he  system even w i t h  t h e  image guide present. 
Th is  procedure a lso  proved useful  i n  analyz ing t h e  image guide. 
There are f o u r  aspects o f  t h i s  device which w i l l  be addressed i n  
t h i s  repor t .  F i r s t  i s  t h e  theory upon which the  opera t ion  o f  t h i s  
dev ice i s  based. 
accura te ly  achieve one-to-one imaging around t h e  feedback loop, which i s  
requ i red  f o r  opera t ing  the  system. 
under which t h i s  device was tested. Four th i s  an ana lys is  o f  t he  
image guide t o  determine i t s  des i rab le c h a r a c t e r i s t i c s  and inherent  
problems when used i n  t h i s  manner i n  an o p t i c a l  system. 
Second i s  the procedure developed t o  e a s i l y  and 
T h i r d  i s  t he  cond i t i ons  and r e s u l t s  
B. BACKGROUND 
The design f o r  t h i s  device draws upon t h e  areas o f  feedback (both 
e l e c t r i c a l  and o p t i c a l ) ,  op t ica l  computing, and f i b e r  op t ics .  Some of 
t h e  re levant  background i s  given below. 
3 
Feedback i s  an i n t e g r a l  p a r t  of c o n t r o l  theory and i s  used 
ex tens ive ly  i n  e l e c t r o n i c  design i n  one form o r  another. 
operat ional  amp1 i f i e r s  are used w i t h  feedback t o  produce a m p l i f i e r s ,  
i n t e g r a t e r s ,  and o s c i l l a t o r s .  Automatic gain c o n t r o l  (AGC) c i r c u i t s  are 
another widely used form o f  feedback. I n  d i g i t a l  e l e c t r o n i c s ,  feedback 
i s  used t o  create f l i p - f l o p s ,  which are very useful b i s t a b l e  devices. 
But feedback i s  a lso used i n  o p t i c a l  systems. A h y b r i d  Fabry-Perot 
For example, 
resonator w i t h  e l e c t r i c a l  feedback has been b u i l t  and shown t o  be able 
t o  be used i n  many ways, such as o p t i c a l  memory, d i f f e r e n t i a l  a m p l i f i e r ,  
l o g i c  element, and an analogue- to-d ig i ta l  conver ter  [E]. A feedback 
system composed of a TV camera and monitor has been demonstrated t o  have 
s i m i l a r  app l i ca t ions  [31. Opt ica l  systems w i t h  o p t i c a l  feedback have 
been created as wel l .  F l i p - f l o p s  C41, l o g i c  gates C51, and a b i s t a b l e  
m a t r i x  [l] have a l l  been implemented i n  t h i s  manner us ing t h e  l i g h t  
V a l  ve. 
Opt ica l  computing i s  an area i n  which a l o t  o f  work i s  c u r r e n t l y  
occur ing [6]. There are several p o t e n t i a l  advantages which o p t i c a l  
computers have over e l e c t r o n i c  computers. Among these are a h igh  degree 
o f  para l le l i sm,  r e c o n f i g u r a b i l i t y ,  and in te rconnect ion  c a p a b i l i t y .  A t  
one t ime e f f o r t s  were concentrated upon c r e a t i n g  t h e  o p t i c a l  analogues 
o f  t h e  bas ic  b u i l d i n g  blocks o f  e l e c t r o n i c  computers ( l o g i c  gates, 
f l i p - f l o p s ,  etc.). 
processing, interconnects, and general a rch i tec tu res .  
Now e f f o r t s  are i n  t h e  areas o f  mu l t ip le -va lued 
An image guide has t h e  p o t e n t i a l  t o  be a two dimensional data bus 
between t h e  components o f  an o p t i c a l  computer, s ince it can be thought 
o f  as a m a t r i x  o f  independent o p t i c a l  channels. It can e a s i l y  pass 
4 
I 
1 
I 
1 
1 
I 
images from one p lace t o  another, e l i m i n a t i n g  t h e  need f o r  complicated 
o p t i c a l  systems. 
any reasonable length  w i t h  t h e  same technology. Work has been done t o  
cha rac te r i ze  the  t ransmiss ion q u a l i t y  o f  image guides [7] but  there  i s  
more work t o  be done on t h e i r  use. 
Furthermore, it can bend around corners and be made 
Image guides have ex i s ted  s ince before 1959 [8,9]. They are 
c u r r e n t l y  being used, as the  name suggests, t o  t ransmi t  images form 
regions which are not e a s i l y  observed. 
f ess ion  uses them t o  examine the i n s i d e  o f  t h e  human body [l0,11]. They 
are  a lso  used ex tens i ve l y  t o  examine the  i n s i d e  o f  machinery, such as 
a i r p l a n e  engines, w i thout  having t o  d ismant le  them. 
For example, t h e  medical pro-  
But t h i s  t h e s i s  
has been used as an ar ray  o f  
s imply as an imaging 
appears t o  be t h e  f i r s t  t ime an image guide 
independent o p t i c a l  data channels ins tead o 
system. 
The technology t o  make and u t i l i z e  opt 
because o f  t he  widespread use o f  f i b e r s  f o r  
c a l  f i be rs  i s  wel l  developed 
long d is tance communication. 
F ibers  are a t t r a c t i v e  f o r  communication purposes because o f  t h e i r  l i g h t  
weight, small s ize,  and h igh  bandwidth. There are plans f o r  an i n t r a -  
s t a t e  f i b e r  o p t i c  network f o r  the s t a t e  of F l o r i d a  [12] as we l l  as an 
undersea cable i n  t h e  Pac i f i c  [131. 
w i t h  f ibers ,  it should be r e l a t i v e l y  easy t o  adapt them f o r  communica- 
t i o n  between and i n s i d e  op t i ca l  computers. 
Because of t h e  work a l ready done 
The problem addressed here i s  t o  c rea te  an image guide-based 
o p t i c a l  f l i p - f l o p  array us ing  a l i q u i d  c r y s t a l  l i g h t  valve and an image 
guide i n  a feedback loop, and t o  analyze t h e  use fu l  c h a r a c t e r i s t i c s  and 
inherent  problems associated with t h e  image guide f o r  such o p t i c a l  
5 
computing appl icat ions.  As p a r t  of t he  s o l u t i o n  t o  t h i s  problem, an 
a1 ignment procedure i s  t o  be developed i n  order  t o  enable the  system t o  
be a l igned even w i t h  t h e  presence o f  t he  image guide. 
C. CHAPTER CONTENTS 
The remainder o f  t h i s  repo r t  i s  devoted t o  exp la in ing  the  var ious 
aspects o f  t h e  design and operat ion o f  t h i s  image guide-based o p t i c a l  
f l i p - f l o p  array and present ing the  r e s u l t s  and conclusions based upon 
i t s  operat ion.  This repo r t  i s  organized i n  t h e  f o l l o w i n g  manner. 
There are  f i v e  chapters. The remaining four i nc lude  t h e  f o l l o w i n g  
in format ion.  Chapter I 1  contains t h e  theory behind t h e  operat ion o f  
t h i s  device. Chapter I11 contains a d e s c r i p t i o n  o f  t h e  apparatus and 
i t s  operat ion.  I n  Chapter I V  t h e  cond i t ions  under which t h i s  system was 
t e s t e d  are  presented along w i t h  t h e  r e s u l t s  achieved. 
advantages and disadvantages o f  c h a r a c t e r i s t i c s  o f  t h e  image guide are  
discussed i n  l i g h t  o f  t he  r e s u l t s  observed by i t s  use i n  t h i s  system. 
F i n a l l y ,  Chapter V conta ins a summary o f  t he  r e s u l t s  and t h e  conclusions 
drawn i n  t h i s  repor t  as we l l  as suggestions f o r  f u r t h e r  areas o f  
research. 
I n  add i t i on ,  t h e  
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CHAPTER I 1  
THEORY 
A. INTRODUCTION 
This chapter conta ins t h e  theo r ies  upon which t h e  image guide-based 
o p t i c a l  f l i p - f l o p  array i s  based. These theo r ies  are presented here so 
t h a t  they can be r e f e r r e d  t o  l a t e r  i n  t h i s  r e p o r t  when they are needed. 
These theor ies  f a l l  i n t o  s i x  categor ies.  One sec t ion  has been 
devoted t o  each. F i r s t  i s  t he  operat ion o f  t h e  l i q u i d  c r y s t a l  l i g h t  
va lve  (hencefor th  abbreviated LCLV) and i t s  response i n  the  feedback 
c o n f i g u r a t i o n  shown i n  F igure 2 (Sect ion B). 
image guide operat ion (Sect ion C).  Th i rd  i s  t he  theory o f  imaging us ing 
lenses and how small per tu rba t ions  a f f e c t  magn i f i ca t i on  (Sect ion D) .  
Four th i s  the  theory o f  space-bandwidth product i n  o p t i c a l  systems 
(Sect ion E). 
and the  l i g h t  valve (sec t ion  F). 
f o r  the  ex is tence o f  an op t i ca l  f l i p - f l o p  ar ray  w i l l  be presented and 
discussed. 
Second i s  the  theory o f  
F i f t h  i s  t h e  reso lu t i on  o f  two imaging systems: a lens  
F i n a l l y ,  a set  o f  c r i t e r i a  s u f f i c i e n t  
B. LIGHT VALVE 
I n  t h i s  sec t ion  the  operat ion o f  t he  l i g h t  va lve w i l l  be discussed. 
Then i t  w i l l  be shown tha t ,  under feedback, t he re  e x i s t  a t  l e a s t  one and 
u s u a l l y  two s tab le  i n t e n s i t i e s .  This  fact  w i l l  be use fu l ,  because t h e  
ex is tence o f  two s tab le  i n t e n s i t i e s  i s  t h e  hear t  o f  an o p t i c a l  f l i p -  
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f lop .  A Hughes l i q u i d  crystal l i g h t  valve constructed i n  the parallel 
(untwisted) nematic alignment is used. The analysis will be conducted 
for a single p o i n t  on the l i g h t  valve. 
feedback is  spatially one-to-one. 
I t  wil l  be assumed t h a t  the 
The l i g h t  valve can be viewed as an o p t i c a l l y  controlled, 
birefringent mirror [14]. 
i s  controlled by the intensity o f  the i n p u t  l i g h t  via the photoconductor 
upon which i t  impinges. A voltage is  placed across the serial 
combination of the l iqu id  crystals and the photoconductor, which 
determines the input/output operating curve of the l i g h t  valve. As the 
i n p u t  intensity increases, the  conductivity of the photoconductor 
increases, thus increasing the  electric field across the l i q u i d  
crystals, w h i c h  increases their t i l t ,  thus changing the birefringence of 
the l i g h t  valve o u t p u t .  
b i  refringence o f  the o u t p u t  . 
The birefringence of the l i g h t  valve o u t p u t  
In  this manner the i n p u t  voltage controls the 
Because the birefringence of the output of the l i g h t  valve can be 
controlled by the i n p u t  l i g h t ,  i t  i s  possible t o  create an optical 
amplifier i f  two crossed polarizers are combined w i t h  the LCLV i n  the 
fo l lowing  manner. The f i r s t  polarizer i s  used t o  linearly polarize a 
beam of l i g h t  (which shall be referred t o  as the Read beam because i t  
'reads' the state of the LCLV). This Read beam i s  reflected off o f  the 
o u t p u t  plane of the LCLV and passed through he second (crossed) 
polarizer. 
polarizer as the Data beam, because this wil contain the information 
imparted by the LCLV. 
Designate the l i g h t  which passes through the second 
9 
The i n t e n s i t y  o f  t h e  Data beam i s  a f u n c t i o n  o f  t h e  i n t e n s i t y  o f  
l i g h t  present a t  t h e  l i g h t  va lve input.  
t h e  e f f e c t  the LCLV has upon t h e  Read beam. 
nature o f  the  l i g h t  valve output,  it possesses a f a s t  and a slow axis. 
This w i l l  in t roduce a phase s h i f t  between these two components o f  t h e  
l i n e a r l y  po lar ized Read beam (provided t h e  ax is  o f  p o l a r i z a t i o n  does not 
a l i g n  w i t h  one o f  t h e  axes o f  t h e  l i g h t  valve). 
becomes apparent when t h e  Read beam passes through t h e  second p o l a r i z e r .  
The i n t e n s i t y  o f  t h e  l i g h t  which passes through t h e  second p o l a r i z e r  i s  
d i r e c t l y  dependent upon t h e  phase s h i f t  introduced. 
i s  introduced, no l i g h t  w i l l  pass through. 
s h i f t  introduced by t h e  l i g h t  valve then a l l  o f  t h e  l i g h t  i n  t h e  Read 
beam w i l l  pass through t h e  second p o l a r i z e r .  The phase s h i f t  i s  a 
f u n c t i o n  o f  the tilt o f  t h e  l i q u i d  c r y s t a l s  which i s  c o n t r o l l e d  by t h e  
i n t e n s i t y  o f  l i g h t  present a t  t h e  l i g h t  valve input .  
l i g h t  con t ro ls  t h e  i n t e n s i t y  o f  the  Data beam. 
This  can be seen by analyz ing 
Because o f  t h e  b i r e f r i n g e n t  
This  phase s h i f t  
I f  no phase s h i f t  
I f  t h e r e  i s  a 90" phase 
Therefore, t h i s  
This contro l  o f  t h e  Data beam i n t e n s i t y  by t h e  l i g h t  present a t  
LCLVi can r e s u l t  i n  o p t i c a l  a m p l i f i c a t i o n .  The i n t e n s i t y  o f  t h e  l i g h t  
a t  LCLVi determines what percentage o f  t h e  Read beam i n t e n s i t y  i s  
present i n  the Data beam. But i n  none o f  t h i s  d iscuss ion was t h e  
i n t e n s i t y  of t h e  Read beam mentioned. Therefore, i t  i s  poss ib le  t o  make 
t h e  i n t e n s i t y  o f  t h e  Read beam much greater  than t h e  i n t e n s i t y  o f  t h e  
l i g h t  a t  LCLVi. 
a t  LCLVi) c o n t r o l l i n g  a s t rong output ( t h e  Data beam). 
t h i s  i s  t h e  op t ica l  equiva lent  of a t r a n s i s t o r .  
a m p l i f i e r s  are noth ing new. 
This r e s u l t s  i n  a weak i n p u t  t o  t h e  system ( t h e  l i g h t  
Func t iona l l y ,  
T rans is to rs  used as 
10 
I 
I 
I 
I 
1 
1 
I 
I 
I 
1 
I 
1 
I 
I 
I 
I 
I 
1 
I 
I 
I 
I 
I 
I 
1 
I 
I 
I 
I 
The LCLV can be used as a non l inear  a m p l i f i e r ,  so t he  p o s s i b i l i t y  
e x i s t s  f o r  s t a b l e  i n t e n s i t i e s  under o p t i c a l  feedback. This feedback i s  
shown i n  F igure 2. The l i g h t  valve i s  being operated as an o p t i c a l  
a m p l i f i e r  w i t h  the  i npu t  l abe l l ed  t h e  Feedback beam and t h e  output  
l a b e l l e d  t h e  Data beam. The ro les o f  t h e  crossed p o l a r i z e r s  f o r  t he  
a m p l i f i e r  are performed by a Glan-Thompson beamsp l i t te r  cube (BS1). 
Lens L1 images LCLVo onto t h e  plane designated I I P L v .  But t h e  only  
l i g h t  passing through L1  i s  t h e  Data beam, whose i n t e n s i t y  i s  a func t i on  
o f  t he  image a t  LCLVi, hence the image a t  I I P L v  i s  a f u n c t i o n  o f  t he  
image a t  LCL'!d whdch means t h i s  pa r t  3f t he  system i s  a c t i n g  as an iiiiage 
a m p l i f i e r .  
L3, and L4, thus p rov id ing  the o p t i c a l  feedback. 
The image a t  I I P L v  i s  imaged back onto LCLVi v i a  lenses L2, 
Gerlach, e t .  a1 . E l ]  performed an ana lys is  of the  LCLV response 
under such feedback f o r  a s ing le  p o i n t  and proved the  a b i l i t y  t o  achieve 
a t  l e a s t  one and u s u a l l y  two s tab le states.  The remainder o f  t h i s  
sec t i on  i s  a b r i e f  summary o f  t h e i r  r e s u l t s  as they apply t o  t h i s  
des i  gn. 
I n  order  t o  e a s i l y  analyze t h e  response under feedback, we s h a l l  
model t he  l i g h t  valve response and t h e  feedback as a se r ies  o f  equa- 
t i o n s .  
as the  i n t e n s i t y  o f  t he  Feedback beam a t  LCLVi. 
Def ine I1 as t h e  i n t e n s i t y  o f  t he  Data beam i n  I I P L v .  Def ine I2 
Le t  B( 12) be t h e  func- 
t i o n  r e l a t i n g  t h e  phase delay between the  f a s t  and slow axes o f  t h e  LCLV 
t o  t h e  i npu t  i n t e n s i t y  12. This phase delay i s  a func t i on  o f  t h e  t i p  o f  
t h e  l i q u i d  c r y s t a l s  which i s  con t ro l l ed  by t h e  i n t e n s i t y  o f  l i g h t  a t  
LCLVi . 
a t  a given p o i n t  as 
With these d e f i n i t i o n s  we model t h e  response o f  t h e  1 i g h t  Val ve 
1 
11 
I1=  c+b*sin2(B( I ~ ) + u )  
f o r  constants b, c, and u which are determined by t h e  phys ica l  
c o n f i g u r a t i o n  o f  the system, t h e  i n t e n s i t y  of t h e  read beam and t h e  LCLV 
voltage. Furthermore, i n  t h e  reg ion i n  which t h e  s t a b l e  s ta tes  l i e ,  
B ( I 2 )  = k I 2  (2) 
f o r  a p o s i t i v e  constant k. 
y i  e l  ds 
S u b s t i t u t i n g  equat ion (2)  i n t o  equat ion (1) 
I 2  = c+b*sin2(kIZ+u) = F l ( I 2 )  (3 )  
where F l ( I 2 )  i s  used t o  designate t h e  response o f  t h e  l i g h t  valve. 
Because we are assuming t h a t  t h e  o p t i c a l  feedback i s  s p a t i a l l y  
one-to-one, we can model t h e  feedback a t  any p o i n t  by t h e  l o a d - l i n e  
I 2  = a1 = F z ( I 1 )  ( 4 )  
where a character izes t h e  a t tenuat ion  around t h e  loop and F ~ ( 1 1 )  i s  used 
t o  designate the response o f  t h e  feedback loop. 
A simultaneous s o l u t i o n  o f  equations (3) and (4) gives t h e  equi-  
l i b r i u m  points  f o r  t h i s  system. 
sec t ions  o f  the two curves when they p l o t t e d  on t h e  same graph. This i s  
done i n  Figure 3. 
These e q u i l i b r i u m  p o i n t s  are t h e  i n t e r -  
It can be seen t h a t  t h e r e  are th ree  e q u i l i b r i u m  
po in ts .  
The s t a b i l i t y  c r i t e r i o n  f o r  e q u i l i b r i u m  p o i n t s  found through t h i s  
method i s  based upon t h e  slopes o f  t h e  curves involved. I f  t h e  product 
o f  t h e  slopes o f  the  two curves i s  l e s s  than u n i t y  then t h e  e q u i l i b r i u m  
p o i n t  i s  stable. This  i s  represented mathematical ly as 
F1'Fz' < 1 s t a b l e  e q u i l i b r i u m  ( 5 )  
F1'Fz' > 1 unstable e q u i l i b r i u m  (6) 
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Using t h i s  c r i t e r i o n ,  it i s  obvious t h a t  p o i n t s  A and C are s t a b l e  
e q u i l i b r i u m  points and p o i n t  B i s  an unstable e q u i l i b r i u m  point .  
means t h a t  there are indeed two s t a b l e  i n t e n s i t i e s  under feedback. 
Henceforth these w i l l  be r e f e r r e d  t o  as t h e  dim and b r i g h t  states.  
(Not ice  t h a t  i f  t h e  load l i n e  were not as steep, it would be poss ib le  t o  
have more than two s t a b l e  states.) 
Th is  
It i s  possible t o  change from one s t a b l e  s t a t e  t o  another by 
a d j u s t i n g  t h e  i n t e n s i t y  o f  t h e  l i g h t  a t  t h e  LCLV input .  
seen by examining t h e  change i n  t h e  feedback curve i n  F igure 3 when 
l i g h t  i s  added or subtracted from t h e  l i g h t  valve input.  I f  an ex terna l  
l i g h t  source i s  used t o  increase t h e  l i g h t  i n c i d e n t  upon LCLVi then t h e  
new feedback curve w i l l  be p a r a l l e l  t o  but  below t h e  o l d  feedback curve 
(as shown i n  Figure 3 ) .  
s t a b l e  e q u i l i b r i u m  p o i n t  A w i l l  no longer  e x i s t  and t h e  system w i l l  
s e t t l e  a t  s ta te  D. When the  ex t ra  l i g h t  i s  removed t h e  system w i l l  
decay t o  s t a t e  C. Hence, t h e  system has been changed from t h e  dim s t a t e  
t o  t h e  b r i g h t  s t a t e  by t h i s  procedure. On t h e  other  hand, i f  t h e  
a t t e n u a t i o n  o f  t h e  feedback beam i s  increased then t h e  slope o f  t h e  
feedback curve w i l l  increase (which i s  a lso  shown i n  F igure 3) .  
s u f f i c i e n t  a t tenuat ion t h e  s t a b l e  s t a t e  C w i l l  cease t o  e x i s t  and t h e  
system w i l l  s e t t l e  i n t o  s t a t e  E. When t h e  added a t tenuat ion  i s  removed 
t h e  system w i l l  decay t o  s t a t e  A. 
f rom t h e  b r i g h t  s t a b l e  s t a t e  t o  t h e  dim s t a b l e  s t a t e  by t h i s  procedure. 
I n  summary, the operat ion o f  t h e  l i g h t  valve as an image a m p l i f i e r  
This can be 
For a s u f f i c i e n t  increase i n  t h e  l i g h t ,  t h e  
For a 
Thus, t h e  system has been changed 
has been explained and t h e  p o t e n t i a l  ex is tance o f  two s t a b l e  s ta tes  
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under feedback has been derived. 
change from one s tab le  s t a t e  t o  t h e  other. 
I n  add i t ion ,  we have seen how t o  
C. IMAGE GUIDE 
I n  t h i s  sec t ion  the  theory o f  image guide opera t ion  w i l l  be b r i e f l y  
discussed. A t t e n t i o n  w i l l  be given t o  those aspects which w i l l  be 
needed t o  understand the  operat ion of t h e  o p t i c a l  f l i p - f l o p  array.  
An image guide i s  an ordered c o l l e c t i o n  o f  o p t i c a l  f i b e r s  which are 
arranged so t h a t  t he  s p a t i a l  re la t i onsh ip  between them i s  the  same a t  
bo th  the  i npu t  and output  o f  t h e  image guide. Therefore, a p a t t e r n  
i l l u m i n a t i n g  the  f i be rs  a t  t h e  i npu t  w i l l  correspond one-to-one w i t h  the  
p a t t e r n  formed by t h e  f i b e r s  at t h e  output (d iscount ing  t h e  minor 
d i s t o r t i o n s  in t roduced by t h e  image guide). 
A p i c t u r e  of t h e  output  end o f  an image guide i s  shown i n  P la te  I. 
Each spot corresponds t o  t h e  core o f  one f i b e r .  
f i b e r s  i s  t he  c ladding. 
s i x  by s i x  arrays. These are  re fe r red  t o  as f i b e r  bundles. The f i b e r s  
form very regu la r  ar rays w i t h i n  t h e  bundles but  the  bundles do no t  form 
a regu la r  array. This  i s  due t o  t h e  manufactur ing process. A s h i f t  i n  
t h e  r e l a t i v e  pos i t i ons  o f  t h e  bundles between the  i n p u t  and t h e  output  
w i l l  r e s u l t  i n  a d i s t o r t i o n  o f  t h e  t ransmi t ted  image. 
The space between these 
It can be seen t h a t  t h e  f i b e r s  are grouped i n t o  
To understand how t h e  image guide operates, one must f i r s t  under- 
s tand how an o p t i c a l  f i b e r  t ransmi ts  l i g h t .  An o p t i c a l  f i b e r  i s  merely 
a d i e l e c t r i c  waveguide operat ing a t  o p t i c a l  frequencies. It can be 
analyzed i n  depth us ing electromagnet ic theory [15]. 
t h i s  w i l l  not  be given here because they are not  necessary t o  understand 
The d e t a i l s  of 
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t h e  operat ion of t h e  f l i p - f l o p  array. 
t h a t  an o p t i c a l  f i b e r  guides l i g h t  from one end t o  t h e  other  by a ser ies  
o f  r e f l e c t i o n s  o f f  of the  w a l l  o f  t h e  f i b e r .  The l i g h t  r e f l e c t s  due t o  
t o t a l  i n t e r n a l  r e f l e c t i o n  (which i s  a f u n c t i o n  o f  t h e  angle o f  t h e  l i g h t  
and t h e  ind ices  o f  r e f r a c t i o n  o f  t h e  core and t h e  cladding).  
I n  general terms, an op t ica l  f i b e r  has an acceptance cone. This i s  
It i s  s u f f i c i e n t  t o  understand 
r e l a t e d  t o  t h e  angle a t  which t o t a l  i n t e r n a l  r e f l e c t i o n  w i l l  occur 
w i t h i n  a f i b e r .  
acceptance cone w i l l  be trapped by t h e  f i b e r  and propagate t o  t h e  other  
end. 
cone w i l l  not  be t rapped and hence won' t  propagate. 
o f  t h e  propagation, however, the i n t e n s i t y  d i s t r i b u t i o n  a t  t h e  i n p u t  o f  
t h e  f i b e r  i s  not conserved. The output i n t e n s i t y  d i s t r i b u t i o n  i s  a 
f u n c t i o n  o f  t h e  modes o f  propagation. 
consider it as e s s e n t i a l l y  a uni form average o f  t h e  i n t e n s i t i e s  present 
a t  t h e  i n p u t  o f  t h e  f i b e r .  
L i g h t  inc ident  upon t h e  f i b e r  a t  an angle w i t h i n  t h i s  
L i g h t  which 4s i nc iden t  a t  an angle l a r g e r  t h m  t h e  azzeptaiice 
Due t o  t h e  nature 
For our purposes we s h a l l  
The way i n  which an image guide t ransmi ts  an image can be under- 
stood q u i t e  e a s i l y  by comparing i t  t o  a black and wh i te  t e l e v i s i o n  
p ic tu re .  The o r i g i n a l  scene from which a t e l e v i s i o n  p i c t u r e  i s  made i s  
cont inuously  d i s t r i b u t e d  both s p a t i a l l y  and i n  i n t e n s i t y ,  j u s t  l i k e  t h e  
image a t  t h e  i n p u t  o f  an image guide. 
recreates t h e  image, it does so by us ing a p a t t e r n  of dots, each o f  
which i s  o f  un i form i n t e n s i t y ,  The i n t e n s i t y  o f  a s i n g l e  dot i s  t h e  
But when a t e l e v i s i o n  p i c t u r e  
t h e  i n t e n s i t i e s  o f  t h e  o r i g i n a l  p i c t u r e  i n  t h e  corresponding 
they are 
s l e s s  than t h e  
These dots form a p i c t u r e  t o  our eyes because 
y c lose together  that  t h e  space between them 
average o f  
1 ocat i on. 
s u f f i c i e n t  
17 
p o i n t  response f u n c t i o n  of our eyes (i.e. t h e  s p a t i a l  bandwidth requi red 
t o  resolve the space between t h e  dots i s  much h igher  than t h e  bandwidth 
response o f  our eyes). Hence, t h e  i n d i v i d u a l  dots b l u r  i n t o  a cont inu-  
ous d i s t r i b u t i o n  and t h e  r e s u l t  looks l i k e  t h e  o r i g i n a l  p i c t u r e .  An 
image guide recreates an image i n  t h e  same manner except t h a t  t h e  dots 
are t h e  outputs o f  i n d i v i d u a l  f i b e r s .  An image guide used i n  t h i s  
manner w i l l  be r e f e r r e d  t o  as an image condui t  i n  t h i s  repor t .  
But an image guide need not t ransmi t  j u s t  images. It can c a r r y  
p o s i t i o n  coded data by l e t t i n g  each f i b e r  c a r r y  one b i t  o f  data ( ins tead 
o f  one p i x e l  o f  an image). 
data channel array f o r  comnunicating between o p t i c a l  components. 
I n d i v i d u a l  f i b e r s  are c u r r e n t l y  used as s i n g l e  channels i n  telecommuni- 
ca t ions  but  an image guide has t h e  advantage o f  possessing a l a r g e  
number o f  f i b e r s  i n  a compact area. 
The d i f fe rence between an image condui t  and a data channel ar ray 
I n  t h i s  manner it can be used as an o p t i c a l  
can be seen by comparing t h e  fu tu re  imaging o f  t h e i r  outputs. 
outputs o f  t h e  i n d i v i d u a l  f i b e r s  o f  an image condui t  are not important,  
o n l y  t h e i r  overa l l  i n t e n s i t y  d i s t r i b u t i o n .  Therefore, f u t u r e  imaging 
systems do not need t o  resolve t h e  i n d i v i d u a l  f i b e r s  i n  f u t u r e  imaging 
The 
systems. This i s  not  t h e  case w i t h  a data channel array. Future 
imaging systems must resolve t h e  i n d i v i d u a l  f i b e r s  because t h e  outputs 
o f  the  i n d i v i d u a l  f i b e r s  must remain independent. 
Image guides can be made e i t h e r  r i g i d  o r  f l e x i b l e .  F l e x i b l e  image 
guides, l i k e  f l e x i b l e  f i b e r s ,  can be e a s i l y  bent t o  t ransmi t  l i g h t  
around corners. Also, t h e  d is tance and o r i e n t a t i o n  between ob jec t  and 
image can be changed simply by moving t h e  two ends o f  t h e  image guide. 
This i s  a b i g  advantage over lens systems f o r  t r a n s m i t t i n g  images. 
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The image guide i n  t h i s  f l i p - f l o p  ar ray  i s  used both as a s p a t i a l  
q u a n t i f i e r  and as an o p t i c a l  matr ix  bus. 
t h e  f l i p - f l o p s  are pos i t ioned v ia  the  ar ray  i n  which i t s  f i b e r s  are 
pos i t ioned.  It i s  a lso used t o  convey t h i s  a r ray  p a r t  o f  t he  way around 
t h e  feedback loop. The a b i l i t y  t o  ad jus t  t h e  o r i e n t a t i o n  between i n p u t  
and output was used t o  advantage as w i l l  be seen l a t e r .  
It def ines t h e  array i n  which 
0. LENS SYSTEMS 
I n  t h i s  sec t ion  the  imaging re la t i onsh ips  f o r  lenses w i l l  be used 
t o  analyze t h e  e f f e c t  o f  small per tu rba t ions  i n  t h e  ob jec t  and image 
d is tances upon the  magn i f i ca t ion  and lens  p o s i t i o n  when we requ i re  t h a t  
imaging be maintained. The resu l t s  o f  t h i s  ana lys is  w i l l  be usefu l  when 
a l i g n i n g  the  system. They w i l l  t e l l  us how f a r  t o  move the  ob jec t  and 
image from t h e i r  present pos i t i on  i n  order t o  achieve t h e  des i red change 
i n  magn i f i ca t i on  and how much t o  move t h e  lens  i n  order  t o  mainta in  
i magi ng . 
The ana lys is  w i l l  be ca r r i ed  out i n  several  stages. F i r s t  t he  
o r i g i n a l  system -- cons is t i ng  o f  a simple lens,  an ob jec t  and i t s  image 
-- w i l l  be character ized and the re levant  equations given. Then the  
per tu rbed system w i l l  be s i m i l a r l y  charac ter ized  and t h e  r e l a t i o n s h i p s  
between these two systems w i l l  be given. 
t h e  in fo rmat ion  o f  i n t e r e s t  w i l l  be der ived. 
Based upon these re la t i onsh ips  
The system being analyzed i s  shown i n  F igure  4. The system 
cons is t s  o f  a s i n g l e  lens, an object ,  and i t s  image. 
represent  t h e  unperturbed system. 
The s o l i d  l i n e s  
The pe r tu rba t i on  cons is ts  o f  moving 
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t he  ob jec t  and image planes an equal d is tance (dL/2) away from the  lens. 
We are i n te res ted  i n  t h e  new p o s i t i o n  of t he  lens so t h a t  it w i l l  image 
t h e  ob jec t  plane onto the  image plane and t h e  change i n  magn i f i ca t i on  
which resu l t s .  Th is  s i t u a t i o n  i s  represented by t h e  dashed l i n e s  i n  
F igure  4. 
For t h e  q u a n t i t i e s  o f  i n t e r e s t  i n  t h e  unperturbed system the  
f o l l o w i n g  no ta t i on  w i l l  be used: 
f = foca l  leng th  o f  the  lens  
X i  = d is tance from object  t o  foca l  p o i n t  o f  lens 
X2 = d is tance from foca l  p o i n t  t o  image 
L = path length  from object  t o  image 
m = magn i f i ca t i on  
From these d e f i n i t i o n s  i t  can be seen t h a t  
x1+x2 = L-2f ( 7 )  
We s h a l l  assume t h a t  t h e  object  i s  c lose r  t o  t h e  lens  than t h e  image, 
which i s  expressed 
x2 ' x1 (8) 
x1x2 = f 2  (9) 
m = X2/f (10) 
L > 4 f  (11) 
The Newtonian t h i n  lens equation gives us t h e  fo l l ow ing  r e s u l t s :  
Using equations ( 7 ) ,  ( 8 ) ,  and (9) we can a l g e b r a i c a l l y  de r i ve  
x2 = (L-2f+JL(L-4f)')/2 (12) 
We s h a l l  pe r tu rb  t h i s  system i n  a s p e c i f i c  manner: t h e  ob jec t  and 
t h e  image planes s h a l l  both be moved a d is tance dL/2 away from t h e  lens  
(as shown i n  F igure  4 ) ;  then the lens  w i l l  be moved t o  reimage t h e  
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ob jec t  plane onto t h e  image plane. 
use the  fo l l ow ing  no ta t i on :  
I n  t h i s  perturbed system we s h a l l  
X i '  = new ob jec t  d istance 
X2' = new image distance 
m '  = new magn i f i ca t i on  
dL = change i n  path l eng th  
dX2 = change i n  image distance 
dZ = distance which t h e  lens moves toward t h e  ob jec t  t o  ma in ta in  
imaging 
dm = change i n  magn i f i ca t i on  
Using these d e f i n i t i o n s  and t h e  known imaging r e l a t i o n s h i p s  we 
s h a l l  de r i ve  an expression f o r  dZ and dm i n  terms o f  dL. From these 
d e f i n i t i o n s  the f o l l o w i n g  equations can be w r i t t e n :  
dX2 = X Z I - X ~  (13) 
dm = mu-m (14) 
= dXp/f (15) 
X2'+f = dZ+Xz+dL/2 (16) 
dZ = dXz-dL/P (17)  
S u b s t i t u t i n g  equation (13) i n t o  (16) and rear rang ing  gives 
I n  t h i s  ana lys is  t h e  pe r tu rba t i on  i s  small, so we can approximate 
t h e  change i n  any parameter, as a f u n c t i o n  o f  t he  change i n  path length,  
by t a k i n g  t h e  d e r i v a t i v e  w i t h  respect t o  L and m u l t i p l y i n g  by dL. 
a re  s p e c i f i c a l l y  i n t e r e s t e d  i n  dm and dZ, both o f  which depend upon dX2, 
so we s h a l l  approximate dX2 by 
We 
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dL dX2 = dL (X2) 
Taking t h e  d e r i v a t i v e  of both s ides of equat ion (12) and s u b s t i t u t i n g  
i n t o  equat ion (18) gives 
dX2 = d L ( 1 + ( L - 2 f ) / 4 m 1  ) /2  (19) 
/ 
We are now ready t o  der ive our des i red resu l t s .  S u b s t i t u t i n g  
equat ion (19) i n t o  equations (15) and (17)  y i e l d s  
dm = d L ( l + ( L - 2 f ) / d m i  ) / ( 2 f )  (20) 
dZ = d L ( L - 2 f ) / ( Z J m '  ) (21) 
which gives us t h e  change i n  magn i f i ca t ion  and lens  p o s i t i o n  f o r  t he  
g iven per tu rba t ion .  
dL. 
Not ice  that  dm and dZ both have t h e  same s ign  as 
E. SPACE -BANDW IDTH PRODUCT 
I n  t h i s  sec t i on  the  space-bandwidth product f o r  an o p t i c a l  image 
w i l l  be discussed. The space-bandwidth product (hencefor th  designated 
SW) f o r  an o p t i c a l  image i n  an o p t i c a l  system i s  analogous t o  t h e  
time-bandwidth product f o r  a s ignal  on a communication channel. Both 
a re  means o f  cha rac te r i z ing  the data i n  a manner t h a t  i s  reasonably 
i n v a r i a n t  under normal t ransformat ions t h a t  preserve t h e  data. The 
in fo rma t ion  i n  t h i s  sec t ion  i s  based upon notes o f  a t a l k  given by A.W. 
Lohmann C161. 
As w i t h  every ana lys is  there are c e r t a i n  assumptions made about the  
system and image involved. For  t h i s  discussion, it w i l l  be assumed t h a t  
t h e  imaging system i n  question i s  s p a t i a l l y  band l im i ted  and has a 
continuous d i s t r i b u t i o n  o f  possible image points .  A l ens  i s  an example 
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o f  such a system. Furthermore, i t  w i l l  be assumed t h a t  t h e  image 
1 i kewi se meets these cond i t ions  . 
The space-bandwidth product i s  t h e  product o f  t h e  space ( o r  area) 
which an image occupies w i t h  t h e  two-dimensional bandwidth i n  t h e  
s p a t i a l  frequency domain. Assuming both t h e  image f i e l d  and t h e  s p a t i a l  
frequency domain have a rectangular  shape, then 
SW = A X A Y A K ~ A K ~  (32) 
It should be noted t h a t  t h i s  i s  an approximation s ince no r e a l  image can 
t r u l y  be both s p a t i a l l y  l i m i t e d  and band l i m i t e d  a t  t h e  same time. 
p r a c t i c a l  purposes, however, t h i s  w i l l  s u f f i c e .  
For 
The space-bandwidth product i s  a measure of t h e  maximum number o f  
d i s t i n c t  elements i n  an image. I f  one views t h e  s p a t i a l  frequency 
l i m i t a t i o n  A K ~  as prevent ing d i s t i n c t  l i n e - p a i r s  which are smal ler  than 
6x = ~ / A K ~  (33)  
from e x i s t i n g ,  then A K ~  i s  t h e  r e s o l u t i o n  i n  t h e  x d i r e c t i o n ,  Hence, 
t h e  maximum number o f  d i s t i n c t  image elements i s  
N = (Ax/&x)(Ay/dy) = A X A K ~ A Y A K ~  = SW 
The advantage o f  d e f i n i n g  t h e  SW f o r  an image 
i s  i n v a r i a n t  under normal image operations. I f  an 
magnif ied the SW remains t h e  same. 
(34)  
s t h a t  t h i s  q u a n t i t y  
mage i s  s h i f t e d  o r  
One can de f ine  an in fo rmat ion  densi ty  r a t i o  as t h e  r a t i o  o f  t h e  
number o f  d i s t i n c t  image elements t o  t h e  space-bandwidth product. The 
space-bandwidth product does not t e l l  us how much in fo rmat ion  ( i n  terms 
o f  d i s t i n c t  image elements) i s  loca ted  i n  our image, There are t imes 
when a sharp i n t e n s i t y  drop-of f  a t  t h e  edge o f  t h e  image elements i s  
required. I n  t h i s  case t h e  s p a t i a l  bandwidth must be increased beyond 
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1 /6x ,  which increases SW without inc reas ing  t h e  number o f  d i s t i n c t  image 
elements. 
r a t i o .  
Hence t h e  need f o r  a lso  d e f i n i n g  t h e  in fo rmat ion  dens i ty  
F. RESOLUTION 
I n  t h i s  sec t ion  we w i l l  deal w i t h  the  theory o f  t he  r e s o l u t i o n  o f  
var ious  imaging systems which w i l l  be u t i l i z e d  i n  t h e  design o f  t he  
o p t i c a l  f l i p - f l o p  array. The r e s u l t s  of t h i s  sec t ion  w i l l  be usefu l  i n  
ana lyz ing  the  requ i red  component c h a r a c t e r i s t i c s  and image s izes 
necessary i n  order  t h a t  the  f l i p - f l o p  ar ray  w i l l  operate. 
tl. &:-- 
~ ~ l e  I W J I ~ ~ L I U I I  o f  an imaging  system i s  a measure o f  t he  minimum 
d is tance between two c l o s e l y  spaced p o i n t  sources which t h e  system i s  
ab le t o  reso lve  i n t o  d i s t i n c t  e n t i t i e s  i n  t h e  image. The value of t he  
r e s o l u t i o n  depends upon the  c r i t e r i a  used t o  determine when t h e  t h e  
r e s u l t i n g  images are d i s t i n c t .  The c r i t e r i a  used w i l l  vary depending 
upon the  system. 
There are two imaging systems which w i l l  be d e a l t  w i t h  i n  t h i s  
sec t ion :  a lens  and the  l i g h t  valve. A subsect ion w i l l  be devoted t o  
each. I n  each subsect ion t h e  c r i t e r i a  f o r  r e s o l u t i o n  w i l l  be given and 
t h e  formulas f o r  t he  reso lu t i on  stated. 
1. LENSES 
I n  t h i s  subsect ion the  reso lu t i on  l i m i t s  o f  a lens  w i l l  be given. 
When imaging w i t h  an i dea l  l e n s ,  t he re  i s  s t i l l  a l i m i t  t o  t he  resolu-  
t i o n  o f  the  r e s u l t i n g  image. This l i m i t  can be der ived us ing  the  
Fraunhofer d i f f r a c t i o n  equation. 
l i m i t e d  spot s ize.  
The r e s u l t  i s  known as the  d i f f r a c t i o n  
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The d i f f r a c t i o n  l i m i t e d  spot s i z e  fo r  a lens  i s  def ined by t h e  
Rayleigh c r i t e r i a .  
incoherent po int  sources are bare ly  resolved (by a d i f f r a c t i o n - 1  i m i t e d  
system) when the  center of t h e  Airy d i s k  generated by one source f a l l s  
on the  f i r s t  zero o f  t h e  Airy d isk  generated by t h e  second source [17]. 
Using t h i s ,  the d i f r a c t i o n  l i m i t e d  spot s i z e  f o r  incoherent l i g h t  i s  
The Rayleigh c r i t e r i a  of r e s o l u t i o n  s ta tes  t h a t  two 
6 = 1.22Adi/l (35) 
where 
A = wavelength o f  t h e  l i g h t  
d i  = image distance 
1 = diameter o f  t h e  e x i t  p u p i l  
The l i m i t i n g  form o f  equat ion (35) i s  
6 = 1.22A(f#) (36) 
where 
f# = f-number o f  t h e  lens, which equals t h e  foca l  leng th  d i v i d e d  by 
the  lens diameter. 
A common u n i t  fo r  r e s o l u t i o n  i s  l i n e - p a i r s  per u n i t  length,  i n  t h e  
same manner as a Ronchi r u l i n g  i s  i d e n t i f i e d .  The r e s o l u t i o n  i n  
l i n e - p a i r s  per u n i t  leng th  i s  given by t h e  inverse o f  t w i c e  t h e  spot 
s ize.  This  fo l lows d i r e c t l y  from t h e  d e f i n i t i o n  o f  spot s i z e  and need 
n o t  be e l  aborated upon here. 
2. LIGHT VALVE 
I n  t h i s  subsection we w i l l  deal w i t h  t h e  r e s o l u t i o n  o f  t h e  l i g h t  
Because o f  t h e  f i n i t e  s ize  o f  t h e  l i q u i d  c r y s t a l s  used i n  t h e  valve. 
l i g h t  valve, there  i s  a l i m i t  t o  t h e  r e s o l u t i o n  o f  an image recreated by 
t h e  l i g h t  valve. This  l i m i t  w i l l  be given i n  t h i s  subsection. 
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The r e s o l u t i o n  of t h e  l i g h t  valve i s  determined from i t s  s p a t i a l  
p o i n t  response f u n c t i o n  which i s  commonly c a l l e d  t h e  OTF ( o p t i c a l  
t r a n s f e r  funct ion) .  The MTF i s  t h e  modulus o f  t h e  t r a n s f e r  funct ion.  
We s h a l l  def ine t h e  s p a t i a l  bandwidth o f  t h e  l i g h t  valve t o  be t h e  
s p a t i a l  frequency a t  which the MTF i s  h a l f  o f  i t s  maximum. Then t h e  
minimum reso lvab le  spot s i z e  i s  t h e  inverse of t h i s  bandwidth. Th is  
bandwidth has been measured t o  be 750 l i n e  p a i r s  per inch  ( l p / i n )  C181. 
G. ANALYSIS OF AN OPTICAL FLIP-FLOP ARRAY 
One o f  t h e  goals o f  t h i s  repor t  i s  t o  design an o p t i c a l  system 
which operates as an o p t i c a l  f l i p - f l o p  array us ing o p t i c a l  feedback, 
t h i s  sect ion t h e  o p t i c a l  f l i p - f l o p  ar ray  w i l l  be d e a l t  w i t h  i n  abs t rac t  
terms. Two areas w i l l  be covered. F i r s t ,  a set  of cond i t ions  s u f f i -  
c i e n t  f o r  t h e  c r e a t i o n  of an o p t i c a l  f l i p - f l o p  array using o p t i c a l  feed- 
back w i l l  be given and j u s t i f i e d .  Then, a d e f i n i t i o n  f o r  t h e  al ignment 
t o 1  erance w i  11 be presented and d i  scussed . 
I n  
1. OPTICAL FLIP-FLOP ARRAY CRITERIA 
I n  order t o  prove t h a t  a system w i l l  operate as an o p t i c a l  f l i p -  
f l o p  ar ray  it i s  necessary t o  d e f i n e  what i s  meant by an o p t i c a l  f l i p -  
f l o p  array,  c rea te  a s e t  o f  c r i t e r i a  s u f f i c i e n t  t o  meet t h i s  d e f i n i t i o n ,  
and then prove t h a t  t h e  system meets t h i s  c r i t e r i a .  I n  t h i s  sec t ion  
such a d e f i n i t i o n  and se t  o f  c r i t e r i a  w i l l  be presented and discussed. 
The system presented i n  t h i s  r e p o r t  i s  based upon an o p t i c a l  
feedback loop (shown i n  Figure l ) ,  so t h e  c r i t e r i a  presented here w i l l  
be s p e c i f i c  f o r  t h i s  s i tua t ion .  
back onto t h e  input,  so t h e  feedback loop can be considered as an 
imaging system, which w i l l  be use fu l  . 
The output  of t h e  l i g h t  valve i s  imaged 
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A simple d e f i n i t i o n  o f  an o p t i c a l  f l i p - f l o p  ar ray  i s  a s p a t i a l  
a r ray  o f  independent o p t i c a l  f l i p - f lops .  Th is  leads us t o  two sets  o f  
c r i t e r i a :  
elements and t h e  second t o  assure t h a t  every element i n  t h a t  a r ray  i s  
an o p t i c a l  f l i p - f l o p .  
one t o  ensure t h e  existence of an array o f  independent 
For a system i n v o l v i n g  imaged o p t i c a l  feedback, as t h e  system i n  
t h i s  r e p o r t  does, there  are two cond i t ions  s u f f i c i e n t  f o r  t h e  ex is tence 
o f  an ar ray  o f  independent elements. The f i r s t  i s  t h a t  a device be 
present i n  the loop t o  s p a t i a l l y  q u a n t i f y  t h e  area i n t o  an array o f  
elements. The second i s  t h a t  t h e  imaging o f  t h i s  ar ray onto i t s e l f  be 
one-to-one and onto. This l a t t e r  c o n d i t i o n  can be assured i f  there  i s  
no o f f s e t  nor r o t a t i o n  introduced i n  t h e  image by t h e  feedback loop and 
t h e  magn i f i ca t ion  o f  t h e  loop i s  un i ty .  
s u f f i c i e n t  if these cond i t ions  are met w i t h i n  t h e  to le rance imposed by 
t h e  s p a t i a l  quant izat ion.  
For a p r a c t i c a l  system it i s  
To ensure t h a t  every element i s  an o p t i c a l  f l i p - f l o p ,  two 
cond i t ions  are s u f f i c i e n t .  
i n t e n s i t i e s  o f  l i g h t .  Secondly, t h e r e  must e x i s t  some means t o  change 
from one i n t e n s i t y  t o  t h e  other  and back. 
F i r s t ,  every element must be s t a b l e  f o r  two 
We have determined s i x  c r i t e r i a  which are s u f f i c i e n t  t o  ensure 
I 
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t h e  operat ion o f  an imaged feedback loop as an o p t i c a l  f l i p - f l o p  array. 
They are summarized below: 
1. Device w i t h i n  t h e  loop t o  s p a t i a l l y  q u a n t i f y  t h e  area i n t o  
a r ray  e l  ements. 
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2. N e g l i g i b l y  small offset in t roduced i n  an image by t h e  feedback 
1 oop. 
3. 
4. Un i t  magni f icat ion (w i th in  to le rance)  by the  loop. 
5. I n t e n s i t y  b i s t a b i l i t y  f o r  every element w i t h i n  the  array.  
6. The a b i l i t y  t o  change from one s tab le  i n t e n s i t y  t o  t h e  o ther  
N e g l i g i b l y  small r o t a t i o n  in t roduced i n  an image by t h e  loop. 
and back f o r  every element i n  the array. 
Not ice  t h a t  t h e  f i r s t  f i v e  c r i t e r i a  are s u f f i c i e n t  t o  c rea te  an 
a r ray  o f  o p t i c a l l y  b i s t a b l e  elements. We s h a l l  use t h i s  f a c t  i n  Chapter 
111. 
2. ALIGNMENT TOLERANCE 
I n  t h i s  subsect ion the  to lerance w i t h  which the  feedback loop shown 
i n  F igure 1 must be a l igned i n  order t o  operate as an o p t i c a l  f l i p - f l o p  
a r r a y  w i l l  be examined. This  to lerance i s  determined i n  p a r t  by t h e  
. image guide, s ince the  f i b e r s  o f  t h e  image guide are responsib le  f o r  
quan t i z ing  the  image. 
by t h e  width o f  t he  c ladd ing  separat ing these f i b e r s ,  the  r e s o l u t i o n  o f  
t h e  feedback loop imaging system, and t h e  f i b e r  a r ray  d i s t o r t i o n  o f  t h e  
image guide. 
It w i l l  be shown t h a t  t he  to le rance i s  determined 
The to le rance f o r  t h i s  system i s  t h e  degree t o  which we can dev ia te  
f r o m  idea l  one-to-one and onto imaging around t h e  feedback loop w i thout  
a f f e c t i n g  the  p r a c t i c a l  one-to-one and onto imaging requ i red  f o r  
independence o f  the  ar ray  elements. 
t o le rance  w i t h  which t h i s  system must be al igned. 
To ensure t o t a l  independence o f  t h e  elements i n  the  array,  we would 
l i k e  t o  have t h e  f i b e r  output  i n  t h e  plane IGo image on ly  onto i t s  own 
We w i l l  use t h i s  t o  determine t h e  
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i n p u t  i n  t h e  plane I G i ,  but  t h i s  i s  not poss ib le .  
f i b e r  would be p a r t  o f  i t s  own independent feedback loop, because t h e  
i n p u t  t o  each f i b e r  would on ly  depend upon i t s  own output. 
s ince an image can not  be both space- and band- l imi ted simultaneously, 
and any imaging system has a f i n i t e  s p a t i a l  bandwidth, then some l i g h t ,  
however small, from t h e  output o f  each f i b e r  w i l l  extend beyond t h e  
boundaries o f  i t s  own input .  
I f  it were, then each 
However, 
F a i l i n g  t o t a l  independence of t h e  fiber-feedback loops, we are l e f t  
w i t h  maximizing t h e  cross-coup1 i n g  s ignal  - to-noise r a t i o  (SNR) a t  t h e  
i n p u t  o f  each f i b e r .  
f i b e r ' s  output. 
every o ther  f i b e r ' s  output.  
cross-coupl ing noise i s  t h e  on ly  noise t h a t  can be reduced through 
b e t t e r  alignment. 
s t a b i l i t y  o f  the i n d i v i d u a l  f l i p - f l o p s .  
dependent the  s t a t e  o f  a f iber- feedback loop becomes upon t h e  s ta tes  o f  
i t s  neighbors and hence t h e  l e s s  s t a b l e  i t  i s .  
The s ignal  i s  t h e  l i g h t  corresponding t o  t h a t  
The cross-coup1 i ng not se i s  t h e  1 i ght corresponding t o  
There w i l l  be o ther  noise but  t h e  
Independence can be measured i n  terms o f  t h e  
The lower t h e  SNR, t h e  more 
The system w i l l  be considered a l igned when t h e  SNR a t  t h e  i n p u t  o f  
every f i b e r  i s  s u f f i c i e n t l y  l a r g e  t o  ensure s t a b i l i t y .  
system i s  i n t e n s i t y  b i s t a b l e  some noise can be t o l e r a t e d ,  bu t  i f  the  
i n t e n s i t y  o f  the noise i s  l a r g e  enough t o  s h i f t  a f iber- feedback loop 
from t h e  dim t o  t h e  b r i g h t  s t a b l e  s tate,  then it i s  too  strong. 
S i m i l a r l y ,  i f  t h e  i n t e n s i t y  o f  t h e  s ignal  i s  t o o  low t o  mainta in  t h e  
b r i g h t  s tab le  s tate,  then t h e  s ignal  i n t e n s i t y  i s  t o o  weak. Since we 
are  dea l ing  with a r e g u l a r  array,  a decrease i n  t h e  s ignal  i n t e n s i t y  due 
t o  misalignment w i l l  be accompanied by an increase i n  t h e  noise l e v e l ,  
so SNR i s  a useful parameter. 
Because t h i s  
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The SNR i s  maximized if the image o f  each f i b e r ' s  output  i s  
centered upon i t s  own input .  
f i b e r  output as t h e  w id th  of the image where a s i g n i f i c a n t  i n t e n s i t y  o f  
l i g h t  i s  present ( s i g n i f i c a n t  i n  terms o f  t he  SNR). Center ing t h e  spot 
on t h e  i npu t  o f  i t s  f i b e r  w i l l  place a maximum d is tance between t h e  edge 
o f  t he  spot and t h e  i npu t  o f  the adjacent f i b e r s  ( o r  minimize the  
Define the  spot s i z e  o f  t h e  image o f  t h e  
over lap  o f  t he  spot s i ze  onto adjacent f i b e r s ) .  
no ise  coupled i n t o  the  r e s t  o f  the f i be rs .  
This  w i l l  minimize t h e  
The alignment to lerance i s  t he  d i f f e r e n c e  between the  diameter o f  
t h e  f i b e r  i n c l u d i n g  c ladding and t h e  spot s i z e  o f  t h e  image o f  t h e  f i b e r  
output.  
t h e  spot s i z e  can extend beyond t h e  i npu t  o f  t he  f i b e r  w i thout  coup l ing  
i n t o  an adjacent f i b e r .  The d i f f e rence  between t h i s  w id th  and t h e  
w id th  of t he  spot s i z e  i s  how f a r  t h e  spot can be o f f c e n t e r  o f  t he  f i b e r  
i n p u t  w i thout  coup l ing  i n t o  an adjacent f i b e r .  
The c ladd ing  surrounding a f i b e r  provides a b u f f e r  zone where 
This  to le rance i s  t h e  minimum accuracy w i t h  which t h e  magnif ica- 
t i o n ,  o f f s e t ,  and r o t a t i o n  o f  the loop must be adjusted. I f  the re  i s  a 
d i f f e r e n c e  between the  f i b e r  array a t  t he  i n p u t  o f  t h e  image guide and 
t h e  ar ray  a t  t h e  output  o f  t h e  image guide (i.e. a d i s t o r t i o n  in t roduced 
by the  image guide), then the  spot s izes w i l l  not  cen ter  exac t l y  upon 
t h e  f i b e r  i npu ts  regard less of how accurate ly  t h e  system i s  al igned. 
t h i s  case t h e  to le rance i s  reduced by the  amount o f  t h e  d i s t o r t i o n .  
I n  
Th is  alignment to le rance can be maximized i f  h igh  r e s o l u t i o n  
o p t i c s  are used t o  convey t h e  image around t h e  feedback loop. 
h ighe r  the  r e s o l u t i o n  o f  the  op t i ca l  system involved,  t h e  h igher  the  
The 
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s p a t i a l  frequencies which w i l l  be present i n  t h e  r e s u l t i n g  image. This  
means a sharper edge a t  t he  images o f  t h e  f i b e r s  which means a smal ler  
spot s i ze  (i.e. less  spreading o f  t he  images). 
r e s o l u t i o n  i s  r e l a t i v e  t o  t h e  minimum r e s o l u t i o n  needed t o  reso lve  t h e  
space between adjacent f i b e r s  ( the  minimum c ladd ing  width) .  
In t h i s  case "high" 
I n  summary, it can be seen t h a t  t h e  alignment to le rance  o f  the  
feedback loop i s  c o n t r o l l e d  by th ree  fac to rs .  These are:  c ladd ing  
width,  reso lu t i on  o f  t h e  feedback loop, and f i b e r  a r ray  d i s t o r t i o n .  
H. SUMMARY 
In t h i s  chapter we discussed and developed theo r ies  i n  s i x  areas 
which w i l l  be needed i n  t h e  developement and ana lys is  o f  t h e  image 
guide-based o p t i c a l  f l i p - f l o p  array. The opera t ion  o f  t he  l i g h t  va lve 
was discussed and t h e  response under feedback developed, cu lmina t ing  i n  
t h e  proof  o f  t h e  ex is tence o f  a t  l e a s t  one and normal ly  two s t a b l e  
s ta tes  under feedback. Next, image guides were discussed. Then, a lens  
system was analyzed f o r  t he  e f f e c t  upon magn i f i ca t i on  and lens  p o s i t i o n  
o f  small per tu rba t ions  i n  ob jec t  and image distances. Fo l low ing  t h a t ,  
t h e  concept o f  space-bandwidth product was in t roduced and explained. 
Next, the  reso lu t i on  f o r  two imaging systems (a lens  and t h e  l i g h t  
va lve)  was discussed and r e s u l t s  given. F i n a l l y ,  an o p t i c a l  f l i p - f l o p  
ar ray  created us ing  o p t i c a l  feedback was analyzed. 
s u f f i c i e n t  f o r  t he  ex is tence of such an ar ray  was presented and the  
a1 i gnment to1 erance f o r  such a desi  gn discussed. 
A set  o f  c r i t e r i a  
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CHAPTER I11 
APPARATUS 
A . INTRODUCTION 
Having presented t h e  relevant theor ies,  t h e  next step i s  t o  present 
t h e  apparatus. I n  t h i s  chapter t h e  design o f  t h e  image guide-based 
o p t i c a l  f l i p - f l o p  array i s  presented and i t s  operat ion discussed. 
The apparatus a,7d i t s  operati=:: gi l l  be ccyerf3d i n  twc sect ions.  
I n  Section B t h e  o p t i c a l  f l i p - f l o p  ar ray  design w i l l  be presented and 
t h e  operat ion and i n t e r a c t i o n s  o f  each o f  i t s  components w i l l  be 
discussed. This includes showing t h a t  t h i s  design w i l l  operate as an 
o p t i c a l  f l i p - f l o p  array. Then i n  Sect ion C t h e  imaging and al ignment 
of t h e  system w i l l  be covered, u t i l i z i n g  t h e  degrees o f  freedom and 
usefu l  con f igura t ions  which are p a r t  o f  t h i s  design. 
8. COMPONENT OPERATION AND INTERACTION 
Understanding how each component operates and i n t e r a c t s  w i t h  t h e  
r e s t  o f  t h e  components i s  the f i r s t  step i n  understanding t h e  operat ion 
o f  a system. This sec t ion  contains t h a t  in fo rmat ion  f o r  t h e  o p t i c a l  
f l i p - f l o p  array. The design f o r  t h e  image guide-based o p t i c a l  f l i p - f l o p  
ar ray  w i l l  be presented here, t h e  operat ion and i n t e r a c t i o n  o f  i t s  
components w i l l  be discussed, and it w i l l  be proven t h a t  t h i s  design 
w i l l  operate as an o p t i c a l  f l i p - f l o p  array. 
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The complete design f o r  t h e  image guide-based o p t i c a l  f l i p - f l o p  
ar ray  as it was implemented i s  given i n  F igure 5. P l a t e  I 1  shows a 
photograph of  t h e  implemented system. 
a t  f i r s t  glance, but  becomes eas ie r  t o  i n t e r p r e t  once t h e  operat ion o f  
t h e  subsystems w i t h i n  t h e  design are understood. 
design i s  the feedback loop ( h i g h l i g h t e d )  conta in ing  t h e  l i g h t  valve and 
t h e  image guide. This i s  t h e  hear t  o f  t h e  o p t i c a l  f l i p - f l o p  array. The 
r e s t  o f  t h e  components form subsystems concerned w i t h  i l l u m i n a t i o n ,  
i n f o r m a t i o n  input/output,  alignment, etc.  These subsystems are: 
feedback loop, in fo rmat ion  i n p u t  and output,  l i g h t  source, i n p u t  viewing 
conf  i gura t  i on, IGo v i  ewi ng conf i gurat  i on, and I G i  v i  ewi ng conf i gurat  i on. 
The operat ion o f  each o f  these subsystems w i l l  be subsequently explained 
i n  separate subsections. 
This design i s  q u i t e  complicated 
I n  t h e  center  o f  t h i s  
The in format ion on t h i s  system i s  summarized i n  th ree  tables.  
Table 1 contains in fo rmat ion  on t h e  lenses which were used i n  t h i s  
design. 
used i n  t h i s  design. Table 3 contains in fo rmat ion  on t h e  imaging from 
one image plane t o  another w i t h i n  t h i s  system. The distances invo lved 
are  given, as are t h e  magni f icat ions.  
Table 2 conta ins in fo rmat ion  on t h e  remainder o f  t h e  components 
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P l a t e  11: Photograph showing t h e  o p t i c a l  f l i p - f l o p  array system. 
. . .  
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Symbol 
-_____ 
L 1  
12 
L3 
L4 
L5 
L6 
L7 
L9 
L10 
L11 
L12 
L13 
L 14 
TABLE 1 
LENSES 
4-element copying 1 ens 
dia.  = 45m, f.1. = 155m 
b.f.1. = 130m, f.f.1. = 130 mn 
2nx m i  crcscope object  i ve 
2Ox microscope o b j e c t i v e  
4-element copying lens 
4-el ement copyi ng 1 ens 
biconvex lens:  d ia.  = 60m, f.1. = 390m 
biconvex lens:  d ia.  = 50m, f.1. = 150mm 
biconvex lens:  dia. = 50m, f.1. = 60m 
biconvex lens:  d ia.  = 50m, f.1 . = 12Om 
biconvex lens:  d ia .  = 50m, f.1. = 12Om 
biconvex lens:  d ia.  = 38m, f.1. = 50mn 
biconvex lens:  dia. = 50m, f.1. = 160mn 
biconvex lens:  d ia.  = 38m, f.1. = 106m 
L15 biconvex lens:  d ia.  = 50mn, f.1. = 150m 
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Image Guide 
Hg 
M1, M2, 
..., M21 
BS1, BS2 
BS3 
F1  
F2 
I 
Inpu t  Plane 
XI2 
TABLE 2 
SYSTEM COMPONENTS 
Desc r ip t i on  
.................................................. 
Hughes L i q u i d  Crys ta l  L i g h t  Valve. Dr iven by an 
a u d i o - o s c i l l a t o r  a t  lOOOHZ w i t h  a se r ies  capac i to r  
t o  f i l t e r  DC voltage. 
G a l l i l e o  f l e x i b l e  image guide. 
Length = 22", Face i s  quar te r - inch  square. 
F ibers :  square-packed 
core diameter = 0.50 m i l s  
minimum c ladd ing  w id th  = 0.025 m i l l s  
l O O W  mercury arc lamp 
Plane m i r r o r s  (19 t o t a l )  
1" Glan-Thompson Beamspl i t t e r  cubes 
P e l l i c l e  beamsp l i t te r :  
U l t r a v i o l e t  f i l t e r :  d ia.  = 50mn 
546.1 nm f i l t e r :  d ia.  = 2 5 m  
Adjustable i r i s .  
100 wn p inho le  mounted i n  s p a t i a l  f i l t e r  ho lder  
Hal f -wave p l  a t e  
dia.  = 2 in.  
Diameter ad justed t o  2mn 
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TABLE 3 
IMAGING INFORMATION 
Object P1 ane Image P1 ane D i  stance Magni f ica t  i on 
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1. FEEDBACK LOOP 
I n  t h i s  subsection t h e  operat ion of t h e  feedback loop shown i n  
F igure 6 w i l l  be considered. A photograph of t h i s  feedback loop i s  
shown i n  Plate 111. The feedback loop i s  t h e  hear t  o f  t h e  o p t i c a l  f l i p -  
f l o p  array,  being responsib le  f o r  c r e a t i n g  t h e  ar ray  o f  b i s t a b l e  o p t i c a l  
devices. The feedback loop i s  as an imaging system s ince i t  images t h e  
i n p u t  o f  t h e  l i g h t  valve back onto i t s e l f .  
produce an array o f  b i s t a b l e  elements. 
separated i n t o  th ree  par ts :  imaging r e l a t i o n s h i p s  o f  i t s  components; 
t h e  degrees o f  freedom ( t r a n s l a t i o n ,  o r i e n t a t i o n ,  and m a g n i f i c a t i o n )  
present i n  the design o f  t h i s  system; and i t s  operat ion as an array of 
b i s t a b l e  o p t i c a l  elements. 
It also i s  a system t o  
Thus, i t s  operat ion can be 
F i r s t ,  the imaging r e l a t i o n s h i p s  w i t h i n  t h e  feedback loop w i l l  be 
considered. There are seven image planes w i t h i n  t h i s  loop and seven 
systems t o  image from one t o  t h e  next. The image planes are:  LCLVi 
( t h e  i n p u t  plane of t h e  l i g h t  valve),  LCLVo ( t h e  output plane of t h e  
l i g h t  valve),  V I P L V  (a  v i r t u a l  image plane), I I P L v  (an in termediate 
image plane), I G i  ( t h e  input  plane o f  t h e  image guide), IGo ( t h e  output 
plane o f  t h e  image guide), and IIPIG. 
t h e  t rans fers  are, respect ive ly ,  t h e  l i g h t  valve, lenses L l ,  L12, and 
L2, t h e  image guide, and lenses 13 and L4. 
The imaging systems invo lved i n  
BS1 and BS2 are Glan-Thompson beamspl i t ters .  BS1 i s  used as a p a i r  
o f  crossed po la r izers  wi thout  which t h e  l i g h t  valve would not act  as an 
a m p l i f i e r  (as explained i n  Chapter 11, Sect ion B). 
m i r r o r  i n  t h i s  s i t u a t i o n .  
r e f l e c t  off  o f  it because t h i s  l i g h t  has already been p o l a r i z e d  by 
BS2 operates as a 
The l i g h t  i n  t h e  feedback loop w i l l  
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P l a t e  111: Photograph showing t h e  feedback loop and in format ion  i n p u t  
and output subsystems. 
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r e f l e c t i n g  o f f  of BS1. The reason a beamsp l i t t e r  is used i n  this spot  
i n s t e a d  of a mir ror  is t o  enable an information i n p u t  i n t o  the system 
( a s  explained i n  the next subsec t ion) .  
Now t h a t  the imaging r e l a t ionsh ips  f o r  the feedback loop a r e  
understood, we s h a l l  examine the degrees  of  freedom designed i n t o  th i s  
imaging system. The magnif icat ion,  t r a n s l a t i o n ,  and o r i e n t a t i o n  of an 
image are a l l  ad jus t ab le .  These adjustments are useful when 
imaging and a l i g n i n g  this system. 
The  magnif icat ion of an image a t  LCLVi by the feedback loop is 
a f f e c t e d  by the magnif icat ion from IiPIG t o  LcLVi and hence i s  
ad jus t ab le .  Mir rors  M 1  and M2 and lens L4 a r e  loca ted  on a l a r g e  
t r a n s l a t i o n a l  s t a g e  which moves p a r a l l e l  t o  the o p t i c a l  a x i s  of l i g h t  
e n t e r i n g  M 1  and l eav ing  M2. Adjust ing this t r a n s l a t i o n a l  s t a g e  adjusts 
the path length  between IIPIG and LCLVi wi thout  a f f e c t i n g  the path of 
l i g h t  i n  the rest of the system. Furthermore, Lens L4 is mounted 
an add i t iona l  t r a n s l a t i o n a l  s tage  which moves p a r a l l e l  t o  the o p t i c a l  
a x i s  of L4 and t h u s  can be adjusted t o  cont inue  imaging IIPIG onto  LCLVi 
even when the path length  has been changed. This  s i t u a t i o n  was analyzed 
i n  Chapter 11, Sec t ion  D. 
l eng th  and changes i n  the  magnif icat ion were der ived  a s  was the change 
i n  lens pos i t i on  required t o  maintain imaging. 
from IIPIG t o  LCLVi can be adjusted i n  this manner, the magni f ica t ion  of 
the loop can be ad jus ted .  
The r e l a t i o n s h i p  between changes i n  the path 
S ince  the magni f ica t ion  
The o f f s e t  introduced i n  an image a t  LCLVi by the loop can be 
ad jus t ed  by the t i l t  of mirror M2. 
reflects o f f  of mi r ro r  M2 before reimaging onto LCLVi , so any 
The l i g h t  from the o r i g i n a l  image 
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adjustment i n  t h e  o r i e n t a t i o n  o f  M2 w i l l  i n t roduce an o f f s e t  i n  t h e  
p o s i t i o n  o f  the new image a t  LCLVi. Since m i r r o r  M2 can be t i l t e d  about 
both the  v e r t i c a l  and ho r i zon ta l  axes, an o f fse t  i n  any d i r e c t i o n  i s  
achi  evabl e. 
The change i n  o r i e n t a t i o n  o f  an image a t  LCLVi by t h e  loop can be 
adjusted i f  a f l e x i b l e  image guide i s  used. With a f l e x i b l e  image guide 
i t  i s  poss ib le  t o  change t h e  o r i e n t a t i o n  o f  IGo w i t h  respect t o  I G i .  
Thus, t he  change i n  o r i e n t a t i o n  due t o  t h e  feedback loop can be 
adjusted. 
Now t h a t  t h e  degrees o f  freedom o f  t he  feedback loop have a l so  been 
covered, it i s  ev ident  t h a t  t h i s  feedback loop can operate as an ar ray  
o f  b i s t a b l e  op t i ca l  elements. 
c r i t e r i a  was given f o r  an o p t i c a l  f l i p - f l o p  array,  t he  f i r s t  f i v e  o f  
which were s u f f i c i e n t  t o  c rea te  an ar ray  o f  b i s t a b l e  o p t i c a l  elements. 
The image guide s p a t i a l l y  q u a n t i f i e s  t h e  loop i n t o  an ar ray  
corresponding t o  t h e  ar ray  formed by i t s  f i b e r s  a t  IGo, thus s a t i s f y i n g  
t h e  cond i t ion  o f  s p a t i a l  q u a n t i f i c a t i o n .  The o f f s e t ,  r o t a t i o n ,  and 
magn i f i ca t ion  o f  an image can a l l  be adjusted f o r  t h i s  loop, hence these 
cond i t i ons  are a l so  s a t i s f i e d .  F i n a l l y ,  i n  Chapter 11, Sect ion B ,  it 
was shown tha t  i t  i s  poss ib le  t o  achieve i n t e n s i t y  b i s t a b i l i t y  f o r  any 
p o i n t  on t h e  image guide through feedback o f  t h i s  sor t .  Th is  s a t i s f i e s  
t h e  l a s t  condi t ion,  hence t h i s  system w i l l  operate as an ar ray  o f  
b i s t a b l e  op t i ca l  elements. 
I n  Chapter 11, Sect ion G a se t  o f  
2. INFORMATION INPUT AND OUTPUT 
The in fo rmat ion  i n p u t  and output  f o r  t h i s  system are shown i n  
F igure  7. A photograph of t h i s  subsystem i s  contained i n  P la te  111. 
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This subsystem i s  used t o  set  t h e  f l i p - f l o p s  and observe t h e  s t a t e s  they 
are i n  dur ing  operation. The in fo rmat ion  i n p u t  f o r  t h i s  system cons is ts  
o f  a s i n g l e  spot o f  l i g h t  used t o  s e t  t h e  des i red  f l i p - f l o p .  The 
in fo rmat ion  output for  t h i s  system cons is ts  o f  an image o f  LCLVo, which 
contains t h e  s tates o f  t h e  i n d i v i d u a l  f l i p - f l o p s .  
The in format ion i n p u t  apparatus operates as fo l lows.  The Input  
Plane i s  i l l umina ted  w i t h  t h e  l i g h t  from t h e  source which i s  i n i t i a l l y  
t h e  wrong p o l a r i z a t i o n  t o  pass through BS1. This l i g h t  i s  red i rected,  
us ing m i r r o r s  M3 and M4, and passed through a half-wave p l a t e  t o  r o t a t e  
i t s  p o l a r i z a t i o n  90'. Then it i l l u m i n a t e s  t h e  Input  Plane, passes 
through BS2 and enters t h e  feedback loop. The Input  Plane i s  loca ted  
t h e  same distance from lens L2 as I I P L v  i s  located. 
i l l u m i n a t e d  pa t te rn  loca ted  i n  t h e  Input  Plane w i l l  be imaged onto I G i  
v i a  lens L2, because I I P L v  i s  imaged onto I G i  v i a  lens L2. Since I G i  i s  
imaged onto LCLVi, t h e  p a t t e r n  i n  t h e  Input  Plane i s  a lso  imaged onto 
LCLVi . 
Hence, any 
The f l i p - f l o p s  can be set  through us ing t h i s  i n f o r m a t i o n  input .  
The feedback loop creates an array o f  b i s t a b l e  o p t i c a l  elements (as 
discussed i n  Subsection 1). 
each b i s t a b l e  element could be placed i n  t h e  b r i g h t  s t a b l e  s t a t e  (i.e. 
I n  Chapter 11, Sect ion B it was shown t h a t  
s e t )  by i l l u m i n a t i n g  t h e  corresponding area o f  t h e  l i g h t  valve i n p u t  
w i t h  add i t iona l  l i g h t .  Therefore, t h i s  in fo rmat ion  i n p u t  w i l l  set  t h e  
des i red  f l i p - f l o p .  The f a c t  t h a t  t h e  in format ion i n p u t  beam has t h e  
opposi te  p o l a r i z a t i o n  o f  t h e  Data beam does no t  mat ter  because t h e  
f i b e r s  o f  t h e  image guide are not p o l a r i z a t i o n  preserv ing and t h e  i n p u t  
o f  t h e  l i g h t  valve i s  not  p o l a r i z a t i o n  sens i t i ve .  
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To clear the flip-flops, t h e  i n p u t  t o  the l i g h t  valve i s  blocked. 
I t  was shown i n  Chapter 11, Section B t h a t  this is  sufficient t o  place 
the flip-flops in the dark (cleared) stable state. 
Lens L13 i s  used as a field lens. I t  concentrates the I n p u t  beam 
on to  the I n p u t  Plane thus increasing the intensity of the I n p u t  beam. 
In order t o  selectively i n p u t  t o  this  system, the I n p u t  Plane 
contains a 100 pm pinhole mounted in a spatial f i l t e r  holder. This 
pinhole images onto just a single fiber input a t  IGi and hence onto the 
area o f  the l i g h t  valve corresponding t o  t h a t  fiber. Thus, i t  enables 
each flip-flop i n  the system t o  be individually set. The choice of 
flip-flop i s  made by adjusting the position of the pinhole. 
The information o u t p u t  for this system, w h i c h  i s  also shown i n  
Figure 7, operates as follows. BS3 i s  a pellicle beamsplitter which 
redirects part of the d a t a  beam in to  the o u t p u t  beam. 
intermediate image plane. LCLVo i s  imaged onto the O u t p u t  screen via 
lenses L1 and L5, t h u s  serving as an o u t p u t  for the operating optical 
f 1 i p-f 1 op array. 
IIPo i s  an 
The light which i s  lost due t o  BS3 is not cr i t ical .  The addition 
of BS3 merely serves t o  increase the attenuation of the loop slightly. 
This increase in attenuation will shif t  the stable operating intensities 
only slightly, as can be seen from our analysis of the l i g h t  valve under 
feedback (Chapter 11, Section B) .  
The position of BS3 w i t h i n  the loop is optimized in terms of 
minimum loss of light balanced wi th  a t t a i n i n g  the brightest o u t p u t .  
BS3 is located in the Read beam i t  will sp l i t  off light twice (once as 
If 
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t h e  Read beam enters  and once a f t e r  it has r e f l e c t e d  o f f  o f  t h e  LCLV) 
and a p o l a r i z e r  would be requi red t o  f i l t e r  out  t h e  pat tern.  
placed i n  the beam a t  a l a t e r  p o s i t i o n  i n  t h e  loop, r e f l e c t i o n s  o f f  o f  
t h e  o p t i c a l  components w i t h i n  t h e  loop w i l l  cause a decrease i n  t h e  
i n t e n s i t y  o f  the  output as w i l l  t h e  a t tenuat ion  o f  t h e  image guide. 
The p o s i t i o n  shown appears t o  be optimal i n  terms o f  minimum l o s s  o f  
1 i g h t  and b r i g h t e s t  output. 
I f  BS3 i s  
3. LIGHT SOURCE 
I n  t h i s  subsection t h e  operat ion o f  t h e  components which comprise 
t h e  l i g h t  source f o r  t h i s  system w i l l  be explained. The pr imary source 
beam f o r  t h i s  system i s  generated by a mercury arc lamp. A system o f  
lenses and f i l t e r s  was designed t o  best u t i l i z e  t h i s  source. 
The l i g h t  source, shown i n  F igure 8, operate as fo l lows.  L9 i s  a 
condenser lens, gather ing t h e  l i g h t  emi t ted by t h e  mercury arc lamp. 
i s  an u l t r a v i o l e t  f i l t e r ,  screening out r a d i a t i o n  which i s  harmful t o  
t h e  LCLV and t o  the  people working w i t h  t h e  system. 
o f  t h e  mercury lamp onto t h e  plane o f  t h e  i r i s .  The i r i s  i s  adjusted t o  
t h e  dimensions o f  t h i s  image so as t o  best approximate a p o i n t  source 
w i thout  los ing  any s i g n i f i c a n t  l i g h t .  Then L11 co l l imates  t h e  r e s u l t i n g  
beam as best as poss ib le  consider ing t h e  f i n i t e  source size. 
M16 and M17 are used t o  a l i g n  t h e  source beam along t h e  o p t i c a l  ax is  of 
t h e  system. F2 i s  a 546.1 nm f i l t e r .  This f i l t e r  was chosen because t h e  
LCLV i s  sens i t i ve  t o  t h i s  wavelength. 
c o l l i m a t e d  beam o f  green l i g h t  i s  generated t o  prov ide i l l u m i n a t i o n  fo r  
t h i s  o p t i c a l  f l i p - f l o p  array. 
F1 
L10 images t h e  arc  
M i r r o r s  
I n  t h i s  manner a reasonably 
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It should be noted t h a t  t h i s  l i g h t  source i s  not  idea l .  The 
generated beam i s  not t r u l y  co l l imated  nor i s  it completely un i form i n  
i n t e n s i t y .  
nonuni formity.  
It was chosen f o r  h igh  i n t e n s i t y  w i t h  a minimum o f  
4. IMAGE GUIDE INPUT VIEWING CONFIGURATION 
The operat ion o f  t h e  image guide i n p u t  v iewing c o n f i g u r a t i o n  
p o r t i o n  o f  t h i s  design i s  explained i n  t h i s  subsection. 
c o n f i g u r a t i o n  i s  used t o  view t h e  area o f  t h e  image guide i n t o  which t h e  
l i g h t  from the Input  Plane o r  t h e  l i g h t  i n  t h e  feedback loop i s  
coupl ing.  This in fo rmat ion  i s  usefu l  i n  t h e  i n i t i a l  s e l e c t i o n  o f  an 
image guide operat ing area and l a t e r  i n  observing which f i b e r s  are 
i l l u m i n a t e d  by t h e  in fo rmat ion  i n p u t  beam. 
This  
The image guide i n p u t  viewing c o n f i g u r a t i o n  i s  t h e  f i r s t  o f  t h r e e  
reconf igura t ions  o f  t h e  o r i g i n a l  feedback loop, reconf igura t ions  done 
f o r  alignment and analys is  purposes. They are not used when t h e  
f l i p - f l o p  array i s  operating. The reconf igura t ions  are accomplished by 
us ing  removable m i r r o r s  whenever t h e  presence o f  a m i r r o r  would block 
t h e  l i g h t  i n  t h e  feedback loop. These m i r r o r s  w i l l  be i d e n t i f i e d  as 
such. 
The image guide input  viewing c o n f i g u r a t i o n  i s  shown i n  F igure 9. 
A photograph o f  the  implemented c o n f i g u r a t i o n  i s  contained i n  P l a t e  I V .  
The apparatus on t h e  l e f t  i s  f o r  s e l e c t i v e l y  coup l ing  i n t o  t h e  image 
guide and has already been discussed i n  Subsections 1 and 2. 
images IIPIG onto t h e  Input  Viewing Screen v i a  m i r r o r s  M13, M20 and M21. 
( M i r r o r  M13 i s  removable.) 
Lens L7 
Since IIPIG conta ins t h e  image of IGo, it 
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P l a t e  I V :  Photograph showing t h e  image guide i n p u t  v iewing conf igura-  
t i o n  subsystem. 
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i s  poss ib le  t o  view t h e  output  o f  t h e  image guide us ing  t h i s  conf igura-  
t i o n  and determine the  f i b e r s  i n to  which l i g h t  i s  coupl ing.  Because o f  
t h e  design o f  t h i s  conf igurat ion,  t h e  i npu t  t o  t h e  image guide may be 
from t h e  Input  Plane o r  from LCLVo (but  not  du r ing  feedback). 
des i red  t o  use t h i s  du r ing  feedback, then m i r r o r  M13 must be replaced by 
a beamsp l i t te r ,  i n  which case t h i s  becomes an a l t e r n a t i v e  output. 
I f  it i s  
5. IGo V I E W I N G  CONFIGURATION 
I n  t h i s  subsect ion t h e  operat ion of t he  IGo viewing con f igu ra t i on  
w i l l  be explained. This  i s  t h e  second o f  t h e  recon f igu ra t i ons  o f  the  
feedback loop. It i s  u t i l i z e d  i n  imaging IGo onto LCLVi and i n  t h e  
d e t a i l e d  alignment of t he  image guide i n  the  feedback loop. 
The IGo viewing conf igura t ion ,  which i s  shown i n  F igure  10, i s  
used t o  image IGo onto t h e  Alignment Screen. A photograph o f  t h e  
implemented con f igu ra t i on  i s  contained i n  P la te  V. The source beam i s  
r e d i r e c t e d  us ing m i r r o r s  M6, M7 and M8 so t h a t  i t  re t races  t h e  path o f  
t h e  data beam backwards. Lens L14 
i s  used t o  negate the  e f f e c t  of lens L1  so t h a t  t he  source beam w i l l  
remain co l l imated.  
Read beam. The r e s t  w i l l  pass through BS1 and become t h e  in fo rmat ion  
i n p u t  beam, i l l u m i n a t i n g  the image guide. (Since t h i s  i npu t  beam has 
passed through BS1 ins tead of r e f l e c t i n g  o f f  of it as before,  we must 
remove t h e  half-wave p la te ,  shown i n  F igure  7, from t h e  in fo rmat ion  
i n p u t  beam path.) The image o f  LCLVi w i l l  be c a r r i e d  by t h e  Read beam 
r e f l e c t i n g  o f f  o f  t h e  l i g h t  valve output  and passing through BS1. 
L6 images LCLVo onto t h e  Alignment Screen v i a  m i r r o r s  M9 (which i s  
(Mir rors  M6 and M8 are removable.) 
Par t  o f  i t  w i l l  be r e f l e c t e d  by BS1 and become t h e  
Lens 
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P1 a t e  V: Photograph showing the IGo viewing c o n f i g u r a t i o n  subsystem. 
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I 
removable), M10, M18, and M19. Hence, t h e  Alignment Screen contains 
t h e  image o f  LCLVi. 
imaged onto LCLVi so we have t h e  r e s u l t  t h a t  IGo i s  imaged onto t h e  
A1 i gnment Screen as desi  red . 
We saw when examining t h e  feedback loop t h a t  IGo i s  
6. I G i  V I E W I N G  CONFIGURATION 
I n  t h i s  subsection t h e  operat ion o f  t h e  I G i  v iewing c o n f i g u r a t i o n  
w i l l  be explained. This i s  t h e  l a s t  o f  t h e  reconf igura t ions  o f  t h e  
feedback loop. 
d e t a i l e d  alignment o f  t h e  image guide i n  t h e  feedback loop. 
It i s  u t i l i z e d  t o  image LCLVo onto I G i  and i n  t h e  
The I G i  viewing mode, which i s  shown i n  F igure 11, i s  used t o  image 
I G i  onto t h e  Alignment Screen. A photograph of t h e  implemented 
conf igura t ion  i s  contained i n  P la te  V I .  
s i m i l a r  t o  t h e  IGo viewing c o n f i g u r a t i o n  except t h a t  m i r r o r  M8 has been 
removed and m i r r o r  M 1 1  and t h e  removable m i r r o r  M12 have been added. 
M i r r o r s  M 1 1  and M12 r e d i r e c t  t h e  source beam backwards along t h e  path o f  
t h e  feedback beam, thus i l l u m i n a t i n g  t h e  image guide backwards. Lens 
L15 i s  used t o  negate the  e f f e c t  o f  lens L14 so t h a t  t h e  source beam 
remains col l imated. LCLVo has already been made conjugate t o  I G i  
(Subsection 1) and t h e  Alignment Screen (Subsection 5). Therefore I G i  i s  
imaged onto the Alignment Screen as desired. 
This c o n f i g u r a t i o n  i s  very 
7. SUMMARY 
I n  t h i s  chapter t h e  complete design o f  t h e  image guide-based 
o p t i c a l  f l i p - f l o p  array was presented and i t s  operat ion discussed. This  
design was separated i n t o  s i x  subsystems (feedback loop, in fo rmat ion  
i n p u t  and output, l i g h t  source, image guide i n p u t  viewing conf igura t ion ,  
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P1 a t e  V I :  Photograph showing t h e  I G i  v iewing c o n f i g u r a t i o n  subsystem. 
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IGo viewing conf igurat ion,  and I G i  v iewing conf igura t ion) .  The 
a p p l i c a t i o n  and operat ion of each subsystem was discussed. The actual  
o p t i c a l  f l i p - f l o p  ar ray  i s  formed by t h e  feedback loop combined w i t h  t h e  
i n f o r m a t i o n  input .  
C. IMAGING AND ALIGNMENT 
I n  t h i s  sec t ion  t h e  imaging and al ignment procedure u t i l i z i n g  t h e  
IGo and I G i  v iewing conf igura t ion  subsystems w i l l  be presented and 
expl  a i  ned. 
and t ransverse adjustments necessary before operat ing a system. The 
need f o r  these subsystems t o  make these adjustments w i l l  be b r i e f l y  
discussed. Imaging w i l l  then be d e a l t  w i t h  fo l lowed by a l ign ing .  
Imaging and a1 i gni  ng correspond, respect i vely  , t o  the  ax i  a1 
The a d d i t i o n a l  components i n  t h e  IGo and I G i  viewing conf iguragion 
subsystems were necessary due t o  t h e  presence o f  t h e  image guide i n  t h e  
feedback loop. 
o f  i t s  transmission, v iewing t h e  output o f  t h e  image guide does not 
a l l o w  one t o  determine when an object  has been imaged and a l igned 
w i t h i n  to le rance onto t h e  i n p u t  o f  t h e  image guide i f  t h i s  to le rance i s  
smal ler  than t h e  width o f  a f i b e r  core. The feedback loop has an 
al ignment to le rance smal ler  than t h e  width of t h e  c ladding o f  t h e  image 
guide (as discussed i n  Chapter 11, Sect ion G, Subsection 2) which, f o r  
t h e  image guide used (and f o r  image guides i n  general) ,  i s  much l e s s  
than t h e  width o f  a f i b e r  core. Therefore, an imaging and al ignment 
procedure was designed whereby the feedback loop (and t h e  r e s t  o f  the  
system) could be imaged and al igned despi te  t h e  presence o f  t h e  image 
guide. 
Because of t h e  averaging and s p a t i a l l y  quant iz ing  nature 
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Imaging the complete system (shown i n  F igure  5) i s  accomplished i n  
t h r e e  steps, the f i r s t  o f  which i s  t o  roughly  p o s i t i o n  a l l  o f  t h e  lenses 
w h i l e  i n  the  normal (feedback) conf igura t ion .  This  can be accomplished 
f r o m  mathematical ca lcu la t ions .  
The second step i s  t o  p lace t h e  system i n  t h e  IGo v iewing 
con f igu ra t i on  (shown i n  F igure 10) i n  order t o  ad jus t  lenses L4 and L6 
f o r  imaging. This  i s  accomplished by i n s e r t i n g  m i r r o r s  M6, M8, and M9 
and removing the half-wave p la te .  
imaged onto LCLVi. 
Alignment Screen. 
adjustments can be made independently, even though t h e  p a t t e r n  o f  t h e  
f i b e r s  a t  IGo w i l l  serve as a reference f o r  both and t h e  Alignment 
Screen w i l l  be used t o  view both f o r  determining when each i s  imaged. 
Lens L4 i s  ad justed u n t i l  IGo i s  
Lens L6 i s  ad justed u n t i l  LCLVo i s  imaged onto t h e  
Since t h e  l i g h t  va lve does not  t ransmi t  l i g h t ,  these 
The t h i r d  step i s  t o  p lace t h e  system i n  t h e  I G i  v iewing conf igura-  
t i o n  (shown i n  F igure 11) i n  order t o  ad jus t  lens  L 1  f o r  imaging and t o  
l o c a t e  the  Input Plane. This i s  accomplished by removing m i r r o r  M8 and 
i n s e r t i n g  m i r r o r  M12. The Input  Plane i s  l oca ted  by observing where I G i  
i s  imaged by lens L2. Lens L1  i s  ad justed u n t i l  I G i  i s  imaged onto t h e  
Alignment Screen. 
imaged onto the Alignment Screen (s tep 2), then I G i  i s  imaged onto LCLVo 
and vice-versa. 
Since a i r  i s  a homogeneous medium, and LCLVo i s  
A t  t h i s  po in t  a l l  o f  t he  imaging has been accomplished. A l i g n i n g  
t h e  system comes next. 
The f i r s t  step i n  a l i g n i n g  t h e  system i s  t o  record t h e  p o s i t i o n  
and o r i e n t a t i o n  o f  t h e  image o f  I G i  i n  t h e  plane o f  t h e  Alignment 
Screen. This  i s  accomplished by rep lac ing  t h e  Alignment Screen w i t h  
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s l i d e  f i l m  (we are s t i l l  i n  t h e  I G i  v iewing con f igu ra t i on ) ,  exposing it, 
developing it, and then rep lac ing i t  i n  t h e  plane o f  t h e  Alignment 
Screen. Mount the  developed s l i de  i n  back o f  a p iece of f r o s t e d  glass. 
Looking through the  back o f  t he  s l i d e  i t  i s  poss ib le  t o  view t h e  image 
of I G i  (formed on the  f r o s t e d  glass) and p o s i t i o n  t h e  s l i d e  so t h a t  it 
superimposes upon the  image from which i t  was created. The s l i d e  w i l l  
now serve as a record o f  the  l oca t i on  and o r i e n t a t i o n  o f  t he  image o f  
I G i .  
The next step i s  t o  r e t u r n  t h e  system t o  t h e  IGo viewing 
c o n f i g u r a t i o n  i n  order  t o  perform t h e  actual  alignment. None o f  t h e  
imaging r e l a t i o n s h i p s  have been a l t e r e d  by changing conf igura t ions .  
Therefore,  by ad jus t i ng  t h e  image o f  IGo u n t i l  it superimposes upon t h e  
s l i d e  o f  I G i ,  we are simultaneously ad jus t i ng  t h e  image o f  IGo u n t i l  i t 
superimposes upon I G i  i t s e l f  (i.e. a l i g n i n g  the  system). We can ad jus t  
t h e  o r i e n t a t i o n ,  p o s i t i o n  and size o f  t h e  image o f  IGo by ad jus t i ng  t h e  
l oop  r o t a t i o n ,  o f f s e t  and magn i f i ca t ion  (as discussed i n  Sect ion B, 
Subsection 1). Once the  image o f  IGo i s  superimposed upon t h e  s l i d e  o f  
I G i  w i t h i n  the  requ i red  to lerance (which i s  def ined i n  Chapter 11, 
Sect ion G, Subsection l ) ,  t h e  system i s  al igned. 
To a l i g n  the  system i t  i s  necessary t o  know which bundle o f  f i b e r s  
a t  IGo should superimpose upon a g iven bundle a t  I G i .  The i n i t i a l  
a l ignment i s  performed w i t h  bundles o f  f i b e r s  because t h i s  i s  no t  as 
f i n e  o f  an ar ray  as the  ar ray  of f i b e r s .  
i t  i s  easy t o  determine t h e  microscopic adjustments needed t o  a l i g n  t h e  
f i b e r s  themsel ves. 
Once the  bundles are a l igned 
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Two methods 
were considered. 
plane IIPIG. Th 
t o  t h e  same m a l  
o f  r e l a t i n g  t h e  bundles a t  IGo t o  the  bundles a t  I G i  
The f i r s t  method invo lves  p l a c i n g  an aper ture i n  t h e  
s aper ture w i l l  r e s t r i c t  l i g h t  i n  both con f igu ra t i ons  
number o f  bundles, which can then be a l igned upon 
each o ther  by f i r s t  a l i g n i n g  the  boundary formed by the  aper ture onto 
i t s e l f .  
f iber% as benchmarks t o  ensure t h a t  t he  c o r r e c t  bundles are being 
The second method i s  t o  use a unique p a t t e r n  o f  non t ranmi t t i ng  
are pe r fec t  over t h e i r  
y t o  e x i s t .  Both 
a l i gned  upon each other.  Since few image guides 
e n t i r e  a r ray  o f  f i be rs ,  such benchmarks are l i k e  
methods work we1 1. 
The process f o r  a l i g n i n g  and imaging t h e  sy 
be l  ow: 
tem i s  summarized 
1) Roughly p o s i t i o n  a l l  lenses and m i r r o r s  from mathe- 
ma t i ca l  ca l cu la t i ons  i n  the  feedback mode. 
2 )  Configure f o r  t he  IGo viewing mode by i n s e r t i n g  
m i r r o r s  M6, M8, and M9 and removing the  halfwave p la te .  
Ad jus t  lenses L4 and L6 u n t i l  IGo and LCLVo are  imaged onto 
LCLVi and the  A1 i gnment Screen respec t ive ly .  
3 )  Reconfigure the  system f o r  t he  I G i  v iewing mode by 
removing M8 and adding M12. Adjust  lens  L1  u n t i l  I G i  i s  
imaged onto the  Alignment Screen. Locate t h e  Input  Plane 
u t i l i z i n g  the  image o f  I G i .  
4) Create s l i d e  o f  I G i .  P o s i t i o n  it. 
5)  Reconfigure t h e  system f o r  t he  IGo viewing mode by 
removing M12 and i n s e r t i n g  M8. Make r o t a t i o n a l  adjustment 
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i n  IGo. Make magnification adjustment i n  IGo. Adjust M2 for 
transverse off set. 
6 )  Remove all o f  t h e  removable mirrors (M6, M8, M9). 
Replace the half-wave plate. 
operate. 
The system is  now ready t o  
0. SUMMARY 
In this chapter the apparatus was presented. The operation of the 
individual components and the system as a whole was covered. 
shown t h a t  the design contained i n  Figure 5 should operate as an optical 
f l i p - f l o p  ar ray ,  
th i s  design was presented and explained. 
I t  was 
I n  a d d i t i o n ,  t h e  imaging and alignment procediurp f o r  
63 
CHAPTER I V  
IMPLEMENTATION AND RESULTS 
A. INTRODUCTION 
A t  t h i s  p o i n t  we have seen t h e  design o f  t h e  o p t i c a l  f l i p - f l o p  
ar ray  and analyzed it u t i l i z i n g  t h e  t h e o r i e s  presented i n  Chapter 11. 
Now it i s  t i m e  t o  present t h e  r e s u l t s  o f  implementing t h i s  system, 
thereby conf i rming through actual  data what has u n t i l  now j u s t  been 
argued t h e o r e t i c a l l y .  
and operat ion o f  t h i s  o p t i c a l  f l i p - f l o p  ar ray  design w i l l  be given. 
Also, t h e  c h a r a c t e r i s t i c s  o f  t h e  image guide w i l l  be examined i n  l i g h t  
o f  t h e  r e s u l t s  o f  using i t  i n  t h i s  system. 
I n  t h i s  chapter t h e  r e s u l t s  o f  t h e  implementation 
The contents o f  t h i s  chapter are separated i n t o  t h r e e  top ics.  
F i r s t  i s  t h e  implementation o f  t h i s  system. This  i s  covered i n  Sect ion 
B where, among other  th ings,  t h e  al ignment procedure which was developed 
i n  t h i s  repor t  w i l l  be shown t o  have s u f f i c i e n t  degrees o f  freedom t o  
a ? i g n  t h e  system. The second t o p i c  i s  system operat ion.  Sect ion C con- 
t a i n s  t h e  r e s u l t s  o f  t e s t i n g  t h i s  system once it was made operat ional .  
The t h i r d  t o p i c  i s  analyz ing t h e  c h a r a c t e r i s t i c s  o f  t h e  image guide i n  
terms o f  t h e i r  advantages and disadvantages f o r  us ing t h e  image guide i n  
t h i s  o r  a s i m i l a r  o p t i c a l  system. This i s  d e a l t  w i t h  i n  Sect ion D. 
B. IMPLEMENTATION 
There are two stages invo lved i n  implementing t h i s  o p t i c a l  
f l i p - f l o p  array. The f i r s t  stage i s  t o  a l i g n  t h e  system. The second 
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stage i s  t o  achieve i n t e n s i t y  b i s t a b i l i t y .  
t h e  system has been implemented. These two stages w i l l  be covered i n  
t h i s  sect ion.  
Once these are accomplished, 
1. ALIGNMENT 
I n  t h i s  subsect ion t h e  successful r e s u l t s  o f  implementing the  
al ignment procedure presented i n  Chapter 111, Sect ion C are given. The 
hear t  o f  t h i s  procedure i s  the use of s l i d e  f i l m  t o  record the  p o s i t i o n  
o f  I G i .  Thus, i n  t h i s  sect ion we w i l l  focus on t h e  use o f  t he  s l i d e  
f i l m .  But we w i l l  a l so  cover t h e  mismatch between t h e  i npu t  and output 
f i b e r  ar rays of t h e  image guide. 
The use o f  s l i d e  f i l m  i n  t h e  alignment procedure was c a r e f u l l y  
checked f o r  t h ree  p o t e n t i a l  problems: d i s t o r t i o n ,  con t ras t ,  and 
reso lu t i on .  A problem with any o f  these would prevent us from a l i g n i n g  
t h e  system us ing  t h e  s l i d e  f i l m .  The f i l m  which was used was Kodak 
Ektachrome, 35mm, EOOASA. 
D i s t o r t i o n  was not  a problem. The p o s s i b i l i t y  ex i s ted  t h a t  t h e  
image o f  I G i  on t h e  f i l m  would be d i s t o r t e d  enough du r ing  t h e  processing 
o f  t he  f i l m  t h a t  it could no longer be used as an accurate record o f  t h e  
image o f  I G i .  
image o f  I G i  was superimposed upon t h e  image from which i t  was created. 
There was no observable d i f ference.  This  can be seen i n  t h e  photograph 
i n  F igure  12. The edges o f  a l l  o f  t h e  f i be rs  are sharp, i n d i c a t i n g  the  
t h e  images a l i g n  very wel l  . 
I n  order  t o  check t h i s  p o s s i b i l i t y ,  t h e  s l i d e  o f  t h e  
The cont ras t  between an image and t h e  s l i d e  was l i k e w i s e  not  a 
problem. I n  order  t o  use the s l i d e  f o r  alignment purposes, it i s  
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Fig.  12: Photograph showing t h e  comparison, through superposi t ion,  
between t h e  s l i d e  o f  t h e  image o f  I G i  and t h e  image from 
which i t  was created. 
Fig. 13: Photograph showing t h e  comparison between t h e  i n p u t  and output  
f i b e r  arrays o f  t h e  image guide v i a  superimposing t h e  image 
of IGo onto t h e  s l i d e  of t h e  image of I G i .  
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necessary t h a t  t he re  be s u f f i c i e n t  con t ras t  between the  image and the  
s l i d e  such t h a t  misalignments are v i s i b l e .  By experimenting w i t h  the  
exposure t ime o f  t h e  s l i d e  it was poss ib le  t o  make t h e  s l i d e  t ransparent  
enough t h a t  t he  image could be seen through it, but  not  so t ransparent  
t h a t  t h e  image on t h e  s l i d e  was no t  r e a d i l y  apparent. 
were c l e a r  and misalignments were q u i t e  not iceable.  
Thus, both images 
Resolv ing the  misalignment was a l so  no t  a problem w i t h  t h i s  
method. Misalignments on t h e  order o f  one f i f t h  o f  t he  i n t e r s t i c i a l  
space between t h e  f i b e r s  were r e a d i l y  v i s i b l e .  
when the  system was a i igned w i tn in  to ie rances  provea q u i t e  easy. 
Therefore, determining 
The success o f  the  alignment procedure can be seen i n  F igure  13. 
Using t h e  alignment components, t h e  image o f  one bundle o f  f i b e r s  o f  IGo 
was a l igned onto the  same bundle i n  t h e  s l i d e  o f  I G i .  The photograph 
loca ted  i n  F igure 13 was then taken. The alignment o f  t he  cen t ra l  
bundle i n  t h i s  photograph can be seen from t h e  sharp edges o f  t he  f i b e r s  
w i t h i n  t h i s  bundle. This  alignment conf i rms t h e  a b i l i t y  o f  t h e  
a1 i gnment components t o  compensate f o r  any type o f  o p t i c a l  m i  sa l  i gnment . 
The phys ica l  mismatch between the  i n p u t  and output f i b e r  ar rays o f  
t h e  image guide se r ious l y  l i m i t e d  t h e  number o f  bundles which could be 
al igned. This  mismatch can be seen i n  the  photograph i n  F igure  13. 
The cen t ra l  bundle i s  a l igned but  t h e  bundle t o  t h e  r i g h t  of i t  (on ly  
p a r t  o f  which shows i n  the  photograph) i s  obv ious ly  not  al igned. The 
mismatch between t h e  image o f  t he  bundle from IGo and t h e  s l i d e  o f  t he  
bundle from I G i  creates a double image e f f e c t  which r e s u l t s  i n  the  dark 
l i n e s  through t h e  middle o f  the f ibers .  
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Because o f  t he  f i b e r  a r ray  mismatch, feedback operat ions were 
l i m i t e d  t o  a s ing le  bundle o f  t h i r t y - s i x  f i be rs .  
t h e  photograph, a l l  o f  t he  surrounding bundles f a i l e d  t o  a l ign .  
Furthermore, there was no p a t t e r n  t o  t h e i r  misalignments. 
i n  on ly  one bundle being able t o  be a l igned a t  any one time. 
feedback operations were l i m i t e d  t o  j u s t  t h a t  bundle o f  t h i r t y - s i x  
f i b e r s .  
Although not  shown i n  
This  resu l ted  
Therefore, 
Hence, the  system was l i m i t e d  t o  t h i r t y - s i x  f l i p - f l o p s .  
I n  summary, t he  alignment procedure was a success. The s l i d e  f i l m  
proved t o  be an exce l l en t  medium f o r  record ing  t h e  image o f  I G i .  
t h e  alignment components proved adequate t o  compensate f o r  a l l  
misalignments o f  t he  feedback loop. 
i n p u t  and output f i b e r  arrays,  however, on ly  a s i n g l e  bundle could be 
adequately al igned a t  any one time. 
And 
Due t o  t h e  mismatch between the  
2. INTENSITY BISTABILITY 
Once the  feedback loop i s  p roper ly  imaged and a l igned,  t h e  f i n a l  
step i n  implementing t h e  o p t i c a l  f l i p - f l o p  ar ray  i s  t o  ad jus t  t he  system 
f o r  i n t e n s i t y  b i s t a b i l i t y .  
i n t e n s i t y  b i s t a b i l i t y  i s  covered. 
I n  t h i s  subsect ion t h e  achievement o f  
The achievement o f  i n t e n s i t y  b i s t a b i l i t y  i s  demonstrated by t h e  
photograph i n  F igure 14. This  photograph shows two f l i p - f l o p s  i n  t h e  
b r i g h t  s t a t e  and the  r e s t  i n  the  dim state.  
v i a  the  output o f  t he  system o f  an image which had been s tab le  f o r  over 
an hour. 
s t a t e  as wel l .  
a l i g n i n g  o f  the system. 
The photograph was taken 
Forthermore, each o f  these f l i p - f l o p s  was s tab le  i n  t h e  dim 
This photograph a l so  v e r i f i e s  t h e  proper imaging and 
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Fig. 14: Photograph demonstrating i n t e n s i t y  b i s t a b i l i t y  o f  t h e  
f l i p - f l o p  array. 
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The i n t e n s i t y  b i s t a b  l i t y  was achieved by a d j u s t i n g  t h e  l i g h t  valve 
voltage. Figure 15 shows a p l o t  o f  t h e  l i g h t  va lve response f u n c t i o n  
f o r  th ree  d i f f e r e n t  voltages. It can be seen t h a t  inc reas ing  t h e  
vo l tage causes t h e  l i g h t  valve response curve t o  s h i f t  t o  t h e  l e f t .  
(Th is  s h i f t  i s  not  a l i n e a r  f u n c t i o n  o f  vo l tage and t h e  shape o f  t h e  
l i g h t  valve response curve i s  vo l tage dependent but  these fac to rs  do not 
a f fect  t h e  u l t imate  resu l t . )  It can be seen t h a t  when t h e  vo l tage i s  a t  
5.3 VAC o r  8.5 VAC on ly  one s t a b l e  operat ing p o i n t  e x i s t s ,  but  when t h e  
vo l tage i s  a t  7.9 VAC there  are two s t a b l e  opera t ing  points.  
t h e r e  i s  a voltage range over which i n t e n s i t y  b i s t a b i l i t y  w i l l  e x i s t .  
Therefore, 
There are two other  parameters, t h e  loop a t tenuat ion  and t h e  Read 
beam i n t e n s i t y ,  which can be adjusted t o  a f f e c t  t h e  existence o f  s t a b l e  
s ta tes ,  bu t  these were not u t i l i z e d  because they served only  t o  decrease 
t h e  vo l tage range over which b i s t a b i l i t y  existed. 
can only  be increased and t h e  Read beam i n t e n s i t y  decreased, both o f  
which serve t o  t i g h t e n  t h e  vo l tage range over which b i s t a b i l i t y  ex is ts .  
A t i g h t  vol tage range i s  not desirable,  so these parameters were l e f t  
a1 one. 
The loop a t tenuat ion  
C. OPERATION OF THE OPTICAL FLIP-FLOP ARRAY 
Having achieved alignment and i n t e n s i t y  b i s t a b i l i t y ,  t h e  system now 
operates as an o p t i c a l  f l i p - f l o p  array. I n  t h i s  sec t ion  t h e  operat ion 
o f  t h i s  o p t i c a l  f l i p - f l o p  ar ray  w i l l  be covered. S e t t i n g  and c l e a r i n g  
t h e  f l i p - f l o p s  w i l l  be d e a l t  w i t h  as w i l l  t h e  s t a b i l i t y  o f  t h e  array. 
I n  a d d i t i o n ,  photographs o f  var ious operat ing c o n f i g u r a t i o n s  w i l l  be 
presented. 
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I n  order t o  t e s t  t h i s  o p t i c a l  f l i p - f l o p  array,  a number of 
d i f f e r e n t  subsets o f  t h e  f l i p - f l o p s  w i t h i n  t h e  ar ray  were set  and t h e  
r e s u l t s  observed. F igure 14 contains a photograph when j u s t  two 
f l i p - f l o p s  were set. 
conf igurat ions o f  set  f l i p - f l o p s .  A l l  t h i r t y - s i x  f l i p - f l o p s  were t r i e d  
i n  a t  l e a s t  one such conf igurat ion.  
F igure  16 contains photographs o f  s i x  o ther  
S e t t i n g  a f l i p - f l o p  (i.e. p l a c i n g  it i n  t h e  b r i g h t  s t a b l e  s t a t e )  
was accomplished by using t h e  in fo rmat ion  i n p u t  t o  t h e  system (Figure 
7). 
p o i n t  conjugate t o  t h e  i n p u t  o f  t h e  f i b e r  belonging t o  t h e  des i red 
f l i p - f l o p .  Then t h e  p inho le  was i l l u m i n a t e d  by t h e  Input  beam u n t i l  t h e  
f l i p - f l o p  had reached t h e  p o i n t  where it would decay t o  t h e  b r i g h t  
s t a b l e  s t a t e  when t h e  Input  beam was blocked. A l l  t h i r t y - s i x  f l i p - f l o p s  
were t e s t e d  and found t o  be capable o f  a c t i v a t i o n  i n  t h i s  manner. 
set ,  they remained i n  t h e  b r i g h t  s t a t e  u n t i l  cleared. 
The pinhole i n  t h e  Input  Plane was adjusted u n t i l  it occupied a 
Once 
Although each f l i p - f l o p  could be se t  i n d i v i d u a l l y ,  it was necessary 
t o  c l e a r  them a l l  simultaneously. C lear ing  a f l i p - f l o p  (i.e. p l a c i n g  it 
i n  t h e  dim stab le s t a t e )  i s  accomplished by a t tenuat ing  t h e  l i g h t  i n  t h e  
feedback loop o f  t h a t  f l i p - f l o p .  
i n p u t  o f  l i g h t  t o  t h e  l i g h t  valve. 
l i g h t  o f  a l l  the  other f l i p - f l o p s  thus c l e a r i n g  them a l l  simultaneously. 
This was accomplished by b lock ing  t h e  
However, t h i s  a lso  at tenuated t h e  
Although not  implemented as p a r t  o f  t h i s  repor t ,  t h e r e  are several 
ways t o  c lear  t h e  f l i p - f l o p s  i n d i v i d u a l l y .  
u t i l i z e d  a second l i g h t  valve ( a c t u a l l y  t h e  lower h a l f  o f  t h e  same l i g h t  
va lve)  i n  the feedback loop and were able t o  c l e a r  a f l i p - f l o p  by 
i l l u m i n a t i n g  t h e  appropr ia te spot on t h e  i n p u t  t o  t h i s  second l i g h t  
Sengupta, et .  a l .  C41 
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Fig. 16: Photographs showing var ious s ta tes  of t he  o p t i c a l  f l i p - f l o p  
array.  
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valve. 
a r ray  o f  c o n t r o l l a b l e  p o l a r i z e r s  i n  t h e  plane of I I P L v .  If t h e  ar ray  of 
p o l a r i z e r s  corresponds t o  t h e  array of f l i p - f l o p s  (which i s  imaged a t  
I I P L v )  then each f l i p - f l o p  could be i n d i v i d u a l l y  c leared merely by 
changing t h e  pol a r i  z a t i o n  o f  t h e  appropr ia te  pol a r i  zer. 
because t h e  l i g h t  i s  l i n e a r l y  p o l a r i z e d  a t  t h a t  p o i n t  i n  t h e  feedback 
loop. 
Another method, app l i cab le  t o  t h e  present design, i s  t o  place an 
This  works 
Other methods are sure t o  e x i s t  as we l l .  
As a r e s u l t  o f  these experiments it was observed t h a t  t h e  t ime t o  
s e t  a f l i p - f l o p  depended upon a t  l e a s t  two factors :  Input  beam i n t e n s i t y  
and operat ing p o i n t  on t h e  l i g h t  valve response curve. 
a f l i p - f l o p  var ied from under one second t o  over e i g h t  seconds. 
g rea ter  t h e  i n t e n s i t y  o f  t h e  Input  beam, t h e  shor te r  was t h e  t ime 
requ i red  t o  s e t  a f l i p - f l o p .  This r e l a t i o n  was observed q u a l i t a t i v e l y  
b u t  was not quant i f ied.  Changing t h e  operat ing p o i n t ,  by changing 
t h e  vol tage, was observed t o  change t h e  t ime requ i red  t o  set  a f l i p - f l o p  
from l e s s  than one second t o  over e i g h t  seconds f o r  a given Input beam 
i n t e n s i t y .  
r e l a x a t i o n  r i s e  t ime o f  t h e  l i g h t  valve. 
The t ime t o  se t  
The 
U l t imate ly ,  o f  course, t h e  s e t t i n g  t ime i s  l i m i t e d  by t h e  
It was f u r t h e r  observed t h a t  t h e  operat ing p o i n t  on t h e  l i g h t  valve 
response curve var ied  from f l i p - f l o p  t o  f l i p - f l o p .  
opera t ing  points  could be seen by t h e  speed w i t h  which a f l i p - f l o p  would 
change states. 
app l ied  t o  the l i g h t  valve was changed, some f l i p - f l o p s  would l o s e  t h e i r  
i n t e n s i t y  b i s t a b i l  i t y  before others. 
The d i f f e r e n c e  i n  
This was confirmed by t h e  f a c t  t h a t  as t h e  vo l tage 
This  d i f fe rence i n  operat ing p o i n t s  i s  p r i m a r i l y  due t o  t h e  s p a t i a l  
nonuni formi ty  o f  t h e  l i g h t  valve response. A var iance i n  t h e  loop 
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beam was 
on o r  i n  the  i n t e n s i t y  o f  the  Read beam would a lso  cause a 
i n  t h e  opera t ing  points  bu t  t h i s  was not  observed. 
not  un i form across i t s  e n t i r e  area of i l l u m i n a t i o n ,  bu t  across 
t h e  small area u t i l i z e d  f o r  the  feedback o f  one bundle o f  f i b e r s  i t  was 
uniform.) To t e s t  t he  spat ia l  u n i f o r m i t y  o f  t h e  l i g h t  valve response, 
t h e  output  i n t e n s i t y  was observed wh i l e  the  vo l tage was changed w i t h  no 
i n p u t  i l l u m i n a t i o n .  A very obvious nonuni formi ty  o f  response was seen. 
Some areas became q u i t e  b r i g h t  wh i l e  o thers were s t i l l  dim. This 
nonun i fo rmi ty  was apparent even over an area as small as t h e  3m square 
(The Read 
occup!ed by t he  image c f  cne bundle c f  f ibers.  
This  d i f f e rence  i n  operat ing po in ts  prevented complete s t a b i l i t y  
f rom being a t ta ined  f o r  a l l  combinations o f  f l i p - f l o p s  w i t h i n  the  s i x  by 
s i x  array. For  any given f l i p - f l o p  there  was a 0.4 VAC range i n  the  
l i g h t  va lve vo l tage over which i n t e n s i t y  b i s t a b i l i t y  cou ld  be a t ta ined.  
The center  o f  t h i s  range averaged 7.9 VAC. The h igher  the  vo l tage was 
i n  t h i s  range, t h e  more suscept ib le  t h e  f l i p - f l o p  was t o  be ing se t  by 
t h e  noise generated by i t s  c losest  neighbors (1.e. t h e  to le rance on t h e  
SNR became t i g h t e r ) .  
longer  it took t o  se t  t h e  f l i p - f l o p .  
cross-coupl ing noise o f  i t s  neighbors, t h i s  range had t o  be t i gh tened  t o  
0.2 VAC. Thus, f o r  t h e  array o f  f l i p - f l o p s  t o  completely s tab le  f o r  any 
c o n f i g u r a t i o n  o f  b r i g h t  and dim states,  t h e  center  o f  t h e  s tab le  
opera t ing  vo l tage range f o r  a l l  t h i r t y - s i x  f i b e r s  must l i e  w i t h i n  0.1 
VAC o f  one value ( the  value t o  which t h e  l i g h t  va lve vo l tage w i l l  be 
se t ) .  Unfor tunate ly ,  due t o  t h e  s p a t i a l  nonun i fo rmi ty  o f  t h e  l i g h t  
va lve  response, t h i s  d i d  not occur. 
The lower t h e  vo l tage was i n  t h i s  range, t h e  
For complete immunity t o  t h e  
For t h e  photographs shown i n  F igure 
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16 the  l i g h t  va lve vo l tage was se t  so t h a t  t h a t  p a r t i c u l a r  con f igu ra t i on  
was s tab le.  The vo l tage had t o  be changed w i t h  the  conf igura t ions .  
This  problem can be surmounted (w i thout  rep lac ing  t h e  l i g h t  va lve)  
e i t h e r  by increas ing t h e  i n t e n s i t y  o f  t he  Read beam o r  decreasing the  
area being used on t h e  l i g h t  valve. 
increased, then the  peaks of t he  l i g h t  va lve response curve shown i n  
F igure 15 w i l l  be h igher  wh i l e  the  feedback load l i n e  w i l l  remain con- 
s tan t .  This w i l l  r e s u l t  i n  a wider range o f  vo l tages over which 
b i s t a b l e  operat ion w i l l  occur, thus reducing t h e  s e n s i t i v i t y  t o  f l uxua -  
t i o n s  i n  the  l i g h t  valve response due t o  changes i n  pos i t i on .  I f  the  
area being used on t h e  l i g h t  valve i s  decreased through decreasing t h e  
image guide t o  l i g h t  va lve magni f icat ion,  then the  v a r i a t i o n  i n  the  
l i g h t  va lve response over the  image w i l l  be l e s s  because t h i s  v a r i a t i o n  
i s  a func t i on  o f  d istance. 
t h e  reso lu t i on  o f  t he  l i g h t  valve (750 l i n e - p a i r s  per  inch) ,  decreasing 
t h e  s i z e  o f  the image i n  order t o  decrease the  area being used was no t  a 
v i a b l e  option. The second s o l u t i o n  i s  t o  increase the  i n t e n s i t y  o f  t h e  
Read beam. 
I f  t h e  Read beam i n t e n s i t y  i s  
But, s ince the  system was a l ready pushing 
As a resu l t ,  t h e  system was implemented success fu l l y  f o r  on ly  a 
f o u r  by fou r  ma t r i x  o f  o p t i c a l  f l i p - f l o p s .  But i t  was implemented 
success fu l l y  thus v e r i f y i n g  t h e  design f o r  an image guide-based o p t i c a l  
f l i p - f l o p  array presented i n  t h i s  repor t .  I n  add i t i on ,  t h e  importance 
o f  f i b e r  array mismatch and s p a t i a l  nonuni formi ty  o f  t h e  l i g h t  valve 
response was demonstrated. 
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D. CHARACTERISTICS OF THE IMAGE GUIDE 
I n  t h i s  o p t i c a l  f l i p - f l o p  ar ray  the  image guide has been u t i l i z e d  
as an ar ray  o f  independent op t i ca l  data channels, as opposed t o  the  more 
common usage as an image conduit. From t h i s  use, several important 
c h a r a c t e r i s t i c s  o f  t he  image guide became apparent, both advantages and 
disadvantages f o r  such use. I n  t h i s  sec t ion  these c h a r a c t e r i s t i c s  and 
t h e i r  advantages and disadvantages w i l l  be discussed. As p a r t  o f  t h i s  
d iscuss ion,  t h e  importance o f  the  core/c ladding r a t i o  w i l l  be covered. 
The most important c h a r a c t e r i s t i c  o f  t h e  image guide i s  i t s  a b i l i t y  
t o  operate as an ar ray  of independent o p t i c a l  channels. The output o f  
each f i b e r  i s  e s s e n t i a l l y  independent of t h e  output  o f  any other  f i b e r  
w i t h i n  the  image guide. 
c ladd ing  prevents t o t a l  independence but  t h e  image guide can be designed 
so  t h a t  t h i s  e f f e c t  i s  minimal. 
f l i p - f l o p s  us ing  the  image guide i s  proof o f  t h i s  independence. 
The presence o f  an evanescent f i e l d  i n  the  
The a b i l i t y  t o  achieve independent 
Another impor tant  c h a r a c t e r i s t i c  of t h e  image guide i s  f l e x i b i l i t y .  
R i g i d  image guides have t h e i r  uses bu t  a f l e x i b l e  image guide i s  more 
v e r s a t i l e .  Not on ly  can the  distance between the  i npu t  and output 
planes be adjusted t o  meet the requirements o f  t h e  system, but  t h e  
o r i e n t a t i o n  between the  i npu t  and output can a l so  be changed. 
these p roper t i es  were u t i l i z e d  i n  t h i s  design. 
c r i t i c a l  f o r  t h e  alignment o f  t he  system. 
Both o f  
The l a t t e r  one was 
A major disadvantage o f  the image guide used i n  t h i s  system was t h e  
mismatch between the  i npu t  and output  f i b e r  arrays. This  l i m i t e d  t h e  
system t o  j u s t  one bundle o f  f ibers .  Such a mismatch i s  no t  unexpected. 
Gal i l e o  Elect ro-Opt ics Corporation and A.O. Reichart ,  both manufacturers 
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of image guides, quoted a mismatch to le rance of one m i l  (which cor re -  
sponds t o  t h e  width o f  two f i b e r s )  [19,201. Manufactur ing techniques 
a re  not developed t o  t h e  stage where arrays can be matched w i t h i n  the  
w id th  o f  t he  c ladding between the  f i b e r s  (0.025 m i l s ) .  
A minor disadvantage o f  image guides i s  t he  need f o r  a more 
e labora te  imaging and alignment procedure when an image guide i s  added 
t o  a system. This need was discussed i n  Chapter 11, Sect ion D, 
Subsection 2. Designing such a procedure fo r  t h i s  system was not t oo  
d i f f i c u l t  o f  a task. 
There are c o n f l i c t i n g  requirements f o r  t he  core/c ladding r a t i o  o f  
an image guide, depending upon whether the  image guide i s  t o  be used as 
a data channel ar ray or as an image conduit. Although an image guide 
can be used f o r  e i t he r ,  it i s  best su i ted  f o r  one use o r  t h e  o ther  on 
t h e  bas is  o f  i t s  core/c ladding r a t i o .  
I f  an image guide i s  used as an image condui t ,  a l a r g e  core/c ladd- 
i n g  r a t i o  i s  desired. When used as an image condui t ,  it i s  impor tant  
t h a t  as much o f  t he  l i g h t  i n  t h e  o r i g i n a l  image as poss ib le  be t rans -  
por ted  by the  image guide. Any l i g h t  t h a t  f a l l s  upon t h e  c ladd ing  a t  
t h e  i npu t  i s  l o s t .  
spot o f  t h e  image so t he  independence o f  t h e  f i b e r  outputs  i s  not  
c r i t i c a l  i n  fu ture imaging. Thus, a l a r g e  core/c ladding r a t i o  i s  
des i  red. 
I n  add i t i on ,  several  f i b e r s  are used t o  reso lve  each 
When used as a data channel, however, a l a r g e  core/c ladding r a t i o  
The important fac to r  now i s  t h a t  t he  f i b e r  outputs  be 
The r e l a t i o n  o f  t h i s  t o  t h e  core/  
i s  not desired. 
kep t  independent i n  f u t u r e  imaging. 
c ladd ing  r a t i o  can be seen i n  terms of t h e  alignment to le rance and i n  
terms o f  t he  space bandwidth product. 
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The smal ler  t h e  core/c ladding r a t i o ,  t he  greater  i s  t h e  alignment 
to lerance.  It was shown i n  Chapter I I , .Sec t ion  G, Subsection 2 t h a t  
t h e  alignment to le rance was dependent upon the  width o f  t h e  c ladd ing  
between the  f i be rs .  
constant,  then t h e  alignment to lerance w i l l  increase and t h e  core/ 
c ladd ing  r a t i o  w i l l  decrease. 
core/c ladding r a t i o  i s  not as des i rab le.  This can be f u r t h e r  quant i -  
f i ed by consider ing the  space-bandwi d t h  product. 
I f  t h i s  i s  increased wh i l e  t h e  core s i z e  i s  kept 
It can be seen from t h i s  t h a t  a l a r g e  
The smal ler  t h e  core/c ladding r a t i o ,  t he  smal ler  t he  space- 
bandwidth product f o r  t h e  image of IGo. Designate the  width o f  t he  
f i b e r  core by 'd '  and t h e  width of t he  c ladding between two f i b e r s  by 
I s ' .  
o f  the  image guide output  by A = N(d+s)2. 
t o  resolve the  image o f  IGo so t h a t  t h e  f i b e r  outputs remain independent 
i s  K = a/(2s) f o r  some constant 'a ' .  The value o f  'a '  i s  dependent upon 
t h e  a l lowable cross-coupl ing SNR (exper imenta l ly ,  ' a '  appeared t o  be 
u n i t y ) .  The dependence upon the c ladd ing  width i s  because t h i s  i s  what 
separates the  edge o f  one f i b e r  from another. 
Then, f o r  an image guide w i t h  N f i b e r s ,  we can appoximate the  area 
The s p a t i a l  bandwidth needed 
( A  r e s o l u t i o n  o f  1 / (2s)  
i s  t h e  minimum needed t o  resolve t h e  f i b e r s  as d i s t i n c t  elements.) With 
these symbols the  space-bandwidth product fo r  IGo (as de f ined i n  Chapter 
11, Sect ion E) i s  g iven by SW = N(d+s)2a*/(Zs)2. The in fo rma t ion  
dens i t y  r a t i o  (def ined i n  Chapter 11, Sect ion E) i s  p ropor t i ona l  t o  t h e  
space-bandwidth product. It equals (2s/a/(d+s))2 = 4/(a( r+l))* where 
' r '  i s  t h e  core/c ladding r a t i o .  
dens i t y  o f  u n i t y ,  which can be considered optimum i n  terms o f  informa- 
It can be seen t h a t  f o r  an i n fo rma t ion  
79 
c 
t i o n  sent (number o f  image elements) f o r  g iven system bandwidth, t h e  
core/c ladding r a t i o  must be equal t o  (2 /a) - l .  ( I f  ' a '  i s  u n i t y ,  then 
l r l  i s  u n i t y ) .  Therefore, t h e  optimum core/c ladding r a t i o  ( i n  t h i s  
sense) i s  on the order  o f  u n i t y ,  not  as l a r g e  as poss ib le .  
E. SUMMARY 
I n  t h i s  chapter t he  r e s u l t s  o f  t he  implementat ion and opera t ion  o f  
t h e  o p t i c a l  f l i p - f l o p  ar ray  design were given. 
t h e  alignment procedure was e f f e c t i v e  i n  accura te ly  a l i g n i n g  t h e  system. 
The f i b e r  array mismatch between the  i npu t  and t h e  output  o f  t h e  image 
guide was found t o  be l i m i t i n g ,  bu t  t h e  s p a t i a l  nonun i fo rmi ty  o f  t h e  
l i g h t  va lve response proved t o  be the  u l t i m a t e  l i m i t i n g  f a c t o r ,  l i m i t i n g  
t h e  system operat ion t o  on ly  a f o u r  by f o u r  array o f  f l i p - f l o p s .  Photo- 
graphs showing the  operat ion of t h e  o p t i c a l  f l i p - f l o p  ar ray  are conta in-  
ed i n  Figures 14 and 16. F i n a l l y ,  some o f  the  c h a r a c t e r i s t i c s  o f  t h e  
image guide were discussed i n  terms of t h e i r  advantages and d i s -  
advantages f o r  use as a data channel array. The f a c t  t h a t  a core/ 
c ladd ing  r a t i o  near u n i t y  was des i rab le,  as opposed t o  t h e  l a r g e  core/ 
c ladd ing  r a t i o s  des i red f o r  image condui ts,  was der ived. 
It was determined t h a t  
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CHAPTER V 
SUMMARY AND CONCLUSION 
A. INTRODUCTION 
The ob jec t i ves  o f  t h i s  repor t  were t o  successfu l ly  create an o p t i -  
ca l  f l i p - f l o p  ar ray  us ing  a l i q u i d  c r y s t a l  l i g h t  va lve and an image 
guide i n  a feedback loop and t o  determine t h e  useful c h a r a c t e r i s t i c s  and 
;nknrnnt n r ~ i . 1 ~ ~ ~  - r r - , .< -+- .4  ..:LL +LA 2,,,, -..:A- c- -  - . . - I -  - 2 . .  
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t i o n .  The contents of Chapters 11, 111, and I V  have served t o  s a t i s f y  
these object ives.  
chapters w i l l  be summarized, the impor tant  r e s u l t s  r e i t e r a t e d ,  and 
f u t u r e  areas fo r  research discussed. This  w i l l  occur i n  Sections B, C, 
and D respec t ive ly .  
I n  t h e  fo l lowing th ree  sect ions t h e  contents o f  these 
B. SUMMARY 
The main body o f  t h i s  repor t  begins by present ing  i n  Chapter I 1  t h e  
t h e o r i e s  re levant  t o  the  design and opera t ion  o f  t h e  image guide-based 
o p t i c a l  f l i p - f l o p  array. These f a l l  i n t o  f i v e  categor ies.  F i r s t  t he  
opera t ion  o f  t he  l i g h t  va lve i s  exp la ined along w i t h  i t s  response under 
feedback and t h e  r e s u l t i n g  s tab le s tates.  
i n t e n s i t i e s  i s  t h e  hear t  o f  t h i s  design. 
image guide i s  discussed. Fol lowing t h i s ,  a s i n g l e  lens  system i s  
analyzed i n  terms o f  t he  e f f e c t  upon lens  p o s i t i o n  and magn i f i ca t i on  
when the  ob jec t  and image planes are moved an equal d is tance away from 
The ex is tence o f  these s tab le  
Then, t h e  opera t ion  o f  an 
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t he  lens. The r e s u l t s  of t h i s  are used i n  a l i g n i n g  t h e  system. Next, 
t h e  concept o f  a space-bandwidth product f o r  an image i s  discussed and 
i t s  usefulness i n  cha rac te r i z ing  an image i s  explained. F i n a l l y ,  t h e  
r e s o l u t i o n  o f  two imaging systems (a lens and the  l i g h t  va lve)  are 
de f ined and the appropr i  a t e  formul as g i  ven. 
I n  Chapter I 1 1  t h e  apparatus used t o  c rea te  the  o p t i c a l  f l i p - f l o p  
a r ray  i s  presented and i t s  opera t ion  explained. This i s  handled i n  
t h r e e  sect ions.  F i r s t ,  t h e  operat ion of t h e  i n d i v i d u a l  components and 
t h e i r  i n te rac t i ons  are covered. Then, t h e  operat ion o f  t h e  these com- 
ponents as an op t i ca l  f l i p - f l o p  ar ray  i s  explained. F i n a l l y ,  t h e  imag- 
i n g  and alignment o f  t h i s  system i s  discussed and a d e t a i l e d  procedure 
presented. 
I n  Chapter I V  t he  r e s u l t s  of implementing t h i s  system are  
presented. These r e s u l t s  f a l l  i n t o  th ree  categor ies.  F i r s t ,  t he  
r e s u l t s  o f  the  system i n i t i a l i z a t i o n  (achiev ing a1 ignment and i n t e n s i t y  
b i s t a b i l i t y )  are given. These v e r i f y  t he  t h e o r e t i c a l  ana lys is  done i n  
Chapter I 1 1  and p o i n t  out t h e  problem o f  f i b e r  ar ray mismatch between 
t h e  i npu t  and output ar rays of t he  image guide. Next, t h e  r e s u l t s  o f  
opera t ing  t h i s  system are given. 
o p t i c a l  f l i p - f l o p s  can be const ructed i n  t h i s  manner, but  t h a t  t he  s i z e  
o f  the  a r ray  i s  l i m i t e d  by t h e  s p a t i a l  nonuni formi ty  o f  t h e  l i g h t  valve 
response. 
i n  terms o f  t h e i r  advantages o r  disadvantages f o r  use i n  t h i s  type o f  
r o l e  w i t h i n  an o p t i c a l  computing system. The des i rab le  core/c ladding 
r a t i o  i s  analyzed i n  terms o f  whether the  image guide i s  opera t ing  as an 
o p t i c a l  data channel a r ray  (as i n  t h i s  system) or as an image condui t .  
These demonstrate t h a t  an ar ray  o f  
F i n a l l y ,  t h e  c h a r a c t e r i s t i c s  o f  t h e  image guide are discussed 
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I n  shor t ,  t he  operat ion of t h i s  image guide-based o p t i c a l  f l i p - f l o p  
a r ray  i s  analyzed both t h e o r e t i c a l l y  and i n  terms o f  t h e  r e s u l t s  when i t  
was implemented. And, t h e  image guide i s  discussed i n  terms o f  i t s  
useful  c h a r a c t e r i s t i c s  and inherent problems f o r  use i n  an o p t i c a l  
computer. 
C. CONCLUSIONS 
The s i g n i f i c a n t  conclusions o f  t h i s  repo r t  are summarized below: 
1. The design shown i n  Figure 5 f o r  an image guide-based o p t i c a l  
f l i p - f l o p  array works. 
F igures 14 and 16. Due t o  the s p a t i a l  nonuni formi ty  o f  t he  response o f  
t h e  l i g h t  valve, however, t h e  implemented system was l i m i t e d  t o  a f o u r  
by four  ar ray o f  f l i p - f l o p s  i n  general. 
Th is  was demonstrated by t h e  photographs i n  
2. The image guide was able t o  be used success fu l l y  as an o p t i c a l  
data channel a r ray  w i t h i n  t h i s  system. Several important conclusions 
about i t s  c h a r a c t e r i s t i c s  came about as a r e s u l t  o f  t h i s  use: 
a. The f i b e r  ar ray mismatch between t h e  i npu t  and out -  
pu t  ar rays o f  t he  image guide i s  a c r i t i c a l  parameter. 
i t  i s  too  l a r g e  then coupl ing one-to-one from t h e  output 
i n t o  the  i npu t  i s  not poss ib le  through simple imaging. Cur- 
r e n t  manufacturing to lerances are  not  t i g h t  enough t o  permi t  
t h i s  over a l a r g e  area of t h e  image guide. 
I f  
b. The presence o f  the image guide necess i ta tes a 
spec ia l  alignment procedure. This  i s  due t o  t h e  quant ized 
nature o f  t he  image t ransmi t ted  by t h e  image guide which 
does not  a l low small adjustments i n  t h e  i npu t  t o  be t rans -  
l a t e d  i n t o  equa l ly  small adjustments i n  t h e  output. 
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c. A f l e x i b l e  image guide i s  more v e r s a t i l e  than a 
r i g i d  image guide. 
f o r  ad jus t ing  t h e  system. 
It provides more degrees o f  freedom 
d. The core/c ladding r a t i o  f o r  an image guide used 
as an o p t i c a l  data channel array should be c lose  t o  
u n i t y .  This i s  i n  cont ras t  t o  t h e  l a r g e  core/c ladding 
r a t i o  desired f o r  image guides which are used as image 
condui ts  . 
3. The alignment procedure developed i n  t h i s  r e p o r t  worked q u i t e  
we l l .  S l i d e  f i l m  proved t o  be a r e l i a b l e  record of t h e  necessary image 
and t h e  alignment components were able t o  compensate f o r  a l l  
misal ignments introduced by t h e  feedback loop ( w i t h  t h e  except ion o f  
t h e  f i b e r  array mismatch). 
D. AREAS FOR FURTHER RESEARCH 
I n  t h e  course o f  completing t h i s  repor t  t h e r e  have been several 
o f fshoots ,  improvements, o r  problems i d e n t i f i e d  which m e r i t  f u r t h e r  
work. I n  t h i s  sect ion some o f  these ideas w i l l  be presented. 
The spat ia l  nonuni formi ty  o f  t h e  response o f  t h e  l i g h t  valve was 
responsib le  fo r  t h e  u l t i m a t e  l i m i t  on t h e  s i z e  o f  t h e  f l i p - f l o p  array. 
Work needs t o  be done both i n  q u a n t i f y i n g  t h e  nonuni formi ty  and i n  
improving it. Repeating t h e  experiments w i t h  a more uni form l i g h t  valve 
would y i e l d  b e t t e r  resu l ts .  
The f i b e r  ar ray mismatch i s  a lso  an impor tant  l i m i t i n g  f a c t o r  i n  
t h e  s i z e  o f  the f l i p - f l o p  array. There i s  much research t o  be done i n  
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min imiz ing  t h i s  mismatch. Such a min imiza t ion  w i l l  no t  on ly  increase 
t h e  amount of t h e  image guide which can be used as a data channel a r ray  
i n  t h i s  feedback loop, but  i t  w i l l  decrease the  d i s t o r t i o n  and increase 
t h e  r e s o l u t i o n  o f  image guides used as image condui ts.  
One method t o  increase the number o f  elements i n  the  f l i p - f l o p  
array,  w i thout  changing t h e  nonuni formi ty  o f  t h e  l i g h t  va l ve ' s  response, 
i s  t o  decrease the  core/c ladding r a t i o  t o  approximately one. This  w i l l  
enable the  image of t he  f ibers  a t  t he  l i g h t  valve t o  be smal ler  s ince 
t h e  space-bandwidth product w i l l  be less,  thus a l l ow ing  more f l i p - f l o p s  
t o  be created us ing  the  same area o f  t h e  l i g h t  valve. 
The e f f e c t  o f  the  f i b e r  array mismatch can be minimized w i t h  
cu r ren t  technology by u t i l i z i n g  one bundle o f  f i b e r s  per  data channel 
ins tead o f  one f i b e r .  I n  t h i s  case i t  would be des i rab le  t o  have t h e  
core/c ladding r a t i o  as l a r g e  as poss ib le  i n  order t o  maximize t h e  
t ransmiss ion o f  i n c i d e n t  l i g h t .  
t h e  c ladding width between the bundles should be approximately one. 
This  w i l l  again minimize t h e  space-bandwidth product. 
t o  resolve t h e  i n d i v i d u a l  f ibers . )  
But t h e  r a t i o  o f  t h e  bundle diameter t o  
(There i s  no need 
One way t o  e l im ina te  t h e  e f f e c t  of t he  f i b e r  a r ray  mismatch 
e n t i r e l y  i s  t o  design an op t i ca l  re - rou t i ng  system which w i l l  map the  
output  o f  one image guide onto the  i npu t  o f  another, f i b e r  t o  f i b e r .  
Th is  might be done wi th a hologram. Not on ly  would such a system be 
usefu l  f o r  t h i s  o p t i c a l  f l i p - f l o p  array,  bu t  i t  would a lso  enable two 
s i m i l a r  image guides t o  be connected w i thout  l o s s  o f  reso lu t i on ,  
something t h a t  can not be done cu r ren t l y .  Th is  l a t t e r  a p p l i c a t i o n  could 
be very useful. 
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F i n a l l y ,  t ak ing  t h i s  o p t i c a l  f l i p - f l o p  ar ray  and us ing  i t  t o  c rea te  
a b inary  op t i ca l  read/wr i te  memory i s  a p r o j e c t  w i t h  great  p o t e n t i a l .  A 
para1 l e 1  -accessed o p t i c a l  RAM would be qu 
computer which depended upon i t s  p a r a l l e l  
Such an app l i ca t i on  would not  be too  d i f f  
t e  use fu l  i n  an o p t i c a l  
nature t o  a t t a i n  i t s  resu l t s .  
c u l t .  
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